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My research entails the design and implementation of microfluidic systems to 
investigate the mechanical dynamics in cancer invasion at the single-cell level.  
Metastasis, the process of cancer spreading, is the leading cause of cancer related 
deaths, but the principles and dynamics that drive this process remain largely 
unknown.  The challenge is in part due to the large spatial and temporal scales that the 
metastatic process spans, as it could involve single-cells transporting to distal sites 
across meters and over months to years.  To address this challenge, my goal is to 
create microsystems that aim to recapitulate the critical steps in dissemination.  Cell-
scaled microchannels with subnucleus-scaled barriers are incorporated to elucidate the 
mechanical transition dynamics of invasive cancer cells.  Single-cell – single-barrier 
interactions are induced and invasive behavior is elicited.  Different regulators of 
invasion are explored, including molecular modulators of microtubules and 
actomyosin as well as mechanical factors such as dimensional, directional, and other 
engineered spatially asymmetric cues.  Results of my work have shown that 
microtubule stabilization suppresses cell invasion across subnucleus-scaled barriers, 
physiologically ubiquitous mechanical cues such as dimensionality and directionality 
modulate migratory cell decision making, myosin IIa activity inhibition can alter 
invasion patterns, and certain mechanically asymmetric microenvironments can 
potentially suppress dissemination via the phenomenon iteratio ad nauseam. 
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CHAPTER 1 
INTRODUCTION 
 
 
1.1 Microfluidic Labs on Chips and Biology Applications 
Microfluidics refers to fluidic systems and phenomena at the micrometer scale.  These 
systems have been used widely in many different fields for many different 
applications, including biochemical analysis, particle manipulation and separation, 
drug delivery, drug screening, and cell-based assays 
1-3
.  The key advantages of using 
microfluidics include small sample size requirements, highly parallel and high 
throughput operations, and precise and controllable physical, geometric, and chemical 
profiles and interfaces 
4-6
.     
 
1.1.2 Basic Considerations in Microfluidic Design and Operation 
Here, a brief description of operational microfluidic principles is presented.  In 
particular, I will focus mainly on pressure driven flow, which is the primary mode of 
fluid manipulation used in the research presented in this dissertation.  The motion of 
an incompressible Newtonian fluid with no body forces is governed by the following 
form of the Navier-Stokes equation: 
 
 (
  
  
     )                                                           
where ρ is the fluid density, v is the velocity, P is the pressure, and µ is the dynamic 
viscosity.  The left side of equation 1.1 contains the inertial terms and the right most 
element is the viscous term.  The ratio of the inertial forces to the viscous forces in a 
fluidic system is known as the Reynolds number Re, given by:  
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where vm is the mean fluid velocity and DH is the hydraulic diameter of the 
microfluidic channel.  As a typical example for experiments here, for a microfluidic 
channel with a hydraulic diameter of 12µm and filled with water (µ ≈ 1mPa*s, ρ ≈ 
1000kg/m
3
) flowing at 500µm/s, Re = 0.006.  At low Reynolds number Re << 1, 
inertial terms can be neglected, leaving a simplified version of equation 1.1a: 
 
                                                                         
In this regime and from equation 1.1c, it can be shown that the volumetric flow rate Q 
of a fluid with dynamic viscosity µ in a rectangular channel with height h, width w (w 
> h), and length L is related to the pressure drop across the channel ΔP by 2: 
  
  
  
                                                                         
where RH is the hydrodynamic resistance given by:  
    
     
   
 
 
   
                                                          
and O is the correction factor for microchannels with rectangular cross-sections, given 
by:  
                  
 
 
                                                            
For typical operations of devices used in my research, considering a microchannel 
with width = 15µm, height = 10µm, length = 1mm, and a pressure gradient across the 
channel of 100Pa, the average flow velocity if the solution is water is approximately 
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equal to 500µm/s.  References on fluid mechanics and microfluidic system design 
considerations can be found in 
2
 and fluid mechanics textbooks.   
 
1.1.3 Applications in Cell Dynamics 
In this dissertation, the focus is the use of microfluidic systems for the analysis of cell 
mechanics and dynamics, particularly in the context of cancer metastasis and cell 
invasion.  Well defined geometries spanning the subnucleus and cell scales are used to 
induce cell transition dynamics and behavioral phenomena that provide insights 
toward the fundamental physical principles that govern cell invasion 
7, 8
. 
 
1.2 Cancer Metastasis and Mechanics 
Metastasis is the leading cause of cancer related deaths.  Once disseminated, cancer 
becomes a systemic disease that cannot be solved simply through surgical removal of 
the primary tumor.  Existing standards for cancer therapies, however, are primarily 
aimed towards anti-growth rather than anti-spread targeting 
9-13
.  Additionally, studies 
have shown that a few cells, potentially as few as a single disseminated cancer cell, are 
sufficient for distal colonies to form 
14, 15
. 
 
Recent work has demonstrated that cancer is a highly complex process that is likely 
beyond the scope of conventional biological approaches such as genomics.  Many 
non-traditional factors come into play, such as cell to cell heterogeneity and cell-
microenvironment interactions
16-19
.  For instance, different parts of the same tumor can 
exhibit different gene expression profiles 
17
, suggesting that targeted therapy may 
leave subpopulations of tumor cells that do not express particular biomarkers 
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unaffected 
20, 21
.  Additionally, extracellular matrix (ECM) mechanics has been shown 
to modulate and even revert the invasive behavior of cancer cells 
19, 22
.   
 
Many other mechanical factors are starting to emerge that may have important 
implications in cancer metastasis.  For instance, microfluidics and optical forced-based 
tools have shown that metastatic cells tend to be more deformable.  Traction force 
microscopy has shown that metastatic cancer cells tend to generate high contractile 
forces.  Confined microchannel environments have been demonstrated to enable 
highly persistent unidirectional cell migration.   
 
Cell mechanics is an intrinsic factor of the metastatic cascade, as cancer metastasis is 
ultimately a mechanical transport phenomena in which tumor cells break free from the 
primary tumor, invade through small pores in the ECM, intravasate into the 
vasculature, circulate and traffic in blood and lymphatic vessels, and extravasate and 
invade into other sites to form distal colonies 
16, 23, 24
.  While many biochemical factors 
and cell signaling events play important roles in driving this process, cancer cells must 
still mechanically transport from point a to point b across a series of mechanical 
barriers.  Furthermore, research via conventional biology techniques has uncovered 
many of the critical signaling pathways that modulate cancer growth and 
dissemination 
25
.  The mechanical aspects, however, remain elusive and under-
explored.  One of the major challenges in understanding the mechanics of cancer and 
cancer metastasis in general is that these processes can span months to years over 
length scales from micrometers to meters.  Thus, a comprehensive analysis of the 
dynamics of cancer require long term studies over large scales but with high spatial 
and temporal resolution, which is extremely impractical and further complicated by 
the resolution limits of medical imaging modalities such as computed tomography 
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(CT) and magnetic resonance imaging (MRI), which cannot resolve single-cell 
phenomena and thus cannot detect metastasis until sizable colonies have already 
formed. 
 
Therefore, to understand the fundamental dynamics of cancer progression, it is 
necessary to create model systems that incorporate features that recapitulate the 
critical steps in metastasis.  In my work, I have focused on mechanical environments 
and dimensional and geometric effects.  This is particularly interesting because even in 
the presence of matrix metalloproteinase (MMP) inhibitors, which prevent cells from 
degrading their local environment to create paths for invasion, cancer cells are still 
able to mechanically remodel the ECM or mechanically squeeze through small gaps to 
invade 
26-28
.  Thus, the capacity to invade mechanically and the response to mechanical 
features in the microenvironment may be critical properties that fundamentally drive 
cancer dissemination.            
                
1.3 Single-Cell Invasion Dynamics in Engineered Microfluidic Environments 
To fully appreciate heterogeneity in cancer cells and the mechanical dynamics of 
invasion, I developed microfluidic systems that interface individual cells with 
individual mechanical barriers.  The idea is to probe cell transition dynamics when 
encountering confined spaces, which is prevalent in the tumor microenvironment and 
along the metastatic cascade, from small pores of the ECM to tight endothelial 
junctions.   
 
New device designs were prototyped and fabricated at the Cornell Nanoscale Facility 
(CNF) and soft lithography was performed to create polydimethysiloxane (PDMS) 
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microfluidic chips.  To probe the impact of the rate-limiting steps in cell invasion, 
confined microchannels with subnucleus-scaled barriers were created.  Since the 
nucleus is large, stiff, and the most obstructive element in mechanical invasion 
8, 29
, 
transition dynamics during invasion can be appreciated and higher order effects 
beyond cell velocities and displacements can be induced and visualized.   
 
Previous studies have shown that cells spontaneously respond to physical and 
topographical cues, leading to persistent 1-D motion along straight microchannels and 
patterned lines 
30, 31
.  In my thesis work, I have developed more refined 
microgeometries with subnucleus-scaled features in order to probe transition dynamics 
and decision making in response to dimensional and polarization effects during 
invasion.  In these environments, single cells encounter single barriers, and complex 
cell-barrier interactions are elicited.  Asymmetry in the microenvironment induces 
symmetry breaking during cell migration and can bias the pattern of cell invasion.  In 
my research, I have revealed the behavior of invading cancer cells, in particular the 
MDA-MB-231 highly metastatic breast adenocarcinoma cell line, under mechanical 
asymmetry and showed that dimensionality, directionality, and motor protein 
targeting, e.g. inhibiting non-muscle myosin IIa via blebbistatin, can all modulate the 
invasion behavior of cells.  Additionally, microtubule targeting drugs, particularly 
Paclitaxel (taxol) can suppress the super-diffusive migratory behavior of typical 
invasive cells and prevent invasion across subnucleus-scaled barriers 
8
.    
 
By understanding cell behavior in response to dimensional, mechanical, and geometric 
modulation, which are ubiquitous elements in the physiological environment that are 
currently under-appreciated, it may be possible to reveal new insights towards 
modulating cell invasive behavior and novel targets for therapy.  Well-defined 
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geometries achievable in microfabricated devices can thus reveal subtle 
phenomenological events that are otherwise difficult to gauge in heterogeneous 3D 
ECM and gel-based models that are commonly used. 
 
1.4 Research Overview and Dissertation Outline 
Chapter 2 introduces the application of physical spatial gradients for studying cell 
transition dynamics during invasion.  Many current studies are performed using 
symmetric environments, such as straight microchannels, which cannot probe the 
impact of physical changes in the microenvironment on cell invasion.  During 
metastasis, however, cancer cells often encounter interfaces, i.e. a change in the local 
environment, and their responses in these encounters can reveal the responsivity of 
cells towards mechanical barriers.  Three different cell lines were used in this study – 
bovine aortic endothelial cells, MCF-10a non-metastatic breast epithelial cells, and 
MDA-MB-231 highly metastatic breast adenocarcinoma cells.  The results of the 
study demonstrate that cells respond physical spatial gradients and the response can be 
characterized by a two-state system – cells that permeate into the more confined 
region and cells that repolarize and turn around once the microchannel becomes more 
confining.  Metastatic cells and non-metastatic cells exhibit different behaviors.  
Finally, cell transition dynamics are induced when cells encounter the spatial gradient, 
leading to multiple phases in the cell migratory response where the cell slows down, 
pauses, and gains speed again in both permeation and repolarization cases. 
 
Chapter 3 emphasizes on the transition dynamics of MDA-MB-231 cells during 
invasion across serial subnucleus-scaled mechanical barriers.  Transition dynamics are 
induced and cell nuclei are deformed during invasion.  The effect of the degree of 
confinement on cell invasion is tested by using different barrier lengths - 10µm-long 
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barriers that are shorter than typical cells and 60µm barriers that are longer than 
typical cells in suspension.  Transition dynamics are probed and multiple phases are 
revealed and their durations are characterized.  Different strategies of mechanical 
invasion are also revealed, as phenomena such as back extensions, cell body rotations, 
and simple contractions are demonstrated that facilitate cell deformations across the 
subnucleus barriers.  Next, taxol, a microtubule targeting drug conventionally used for 
its anti-mitotic effects, was tested for anti-invasion effects.  I showed that taxol 
suppressed the super-diffusive behavior of invading cancer cells in microchannels and 
also abolished cell permeation across subnucleus-scaled barriers, demonstrating the 
anti-invasion capacity of this class of chemotherapeutic.  Finally, I also revealed that 
mechanical asymmetry can induce asymmetry in cell division, particularly for the 
taxol-resistant variant of MDA-MB-231 cells. 
 
Chapter 4 discusses a serial microfluidic micropipette system and its application in 
measuring cell deformation dynamics over sequential constrictions.  Current methods 
for studying cell deformability include atomic force microscopy (AFM), micropipette 
aspiration (MPA), and novel micro and optofluidic systems such as inertial flow 
focusing and optical stretchers 
32
.  AFM and MPA require complex setups and 
laborious manual operations and existing microfluidic techniques often measure 
highly simplistic one-shot measurements such as cell aspect ratio.  The serial 
microfluidic micropipette system developed here addresses some of these critical 
issues with a simple and automated operational workflow and the ability to perform 
multiple strain measurements per cell in a highly parallel format.    
 
Chapter 5 describes the implementation of novel microfluidic designs aimed to 
uncover fundamental mechanical factors that govern migratory cell decision making 
 9 
during invasion.  Dimensional, directional, and biochemical modulations are used to 
control invasion behavior, and a new concept is introduced in using mechanical 
asymmetry to suppress cell dissemination by inducing the phenomenon iteratio ad 
nauseam. 
 
Chapter 6 summarizes the dissertation and my contributions thus far in developing and 
implementing microfluidic systems for the study of single-cell cancer dynamics.
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CHAPTER 2 
 
MICROFABRICATED PHYSICAL SPATIAL GRADIENTS FOR 
INVESTIGATING CELL MIGRATION AND INVASION DYNAMICS  
 
2.1 Abstract 
We devise a novel assay that introduces micro-architectures into highly confining 
microchannels to probe the decision making processes of migrating cells.  The 
conditions are meant to mimic the tight spaces in the physiological environment that 
cancer cells encounter during metastasis within the matrix dense stroma and during 
intravasation and extravasation through the vascular wall.  In this study we use the 
assay to investigate the relative probabilities of a cell 1) permeating and 2) 
repolarizing (turning around) when it migrates into a spatially confining region.  We 
observe the existence of both states even within a single cell line, indicating 
phenotypic heterogeneity in cell migration invasiveness and persistence.  We also 
show that varying the spatial gradient of the taper can induce behavioral changes in 
cells, and different cell types respond differently to spatial changes.  Particularly, for 
bovine aortic endothelial cells (BAECs), higher spatial gradients induce more cells to 
permeate (60%) than lower gradients (12%).  Furthermore, highly metastatic breast 
cancer cells (MDA-MB-231) demonstrate a more invasive and permeative nature 
(87%) than non-metastatic breast epithelial cells (MCF-10A) (25%). We examine the 
migration dynamics of cells in the tapered region and derive characteristic constants 
that quantify this transition process.  Our data indicate that cell response to physical 
spatial gradients is both cell-type specific and heterogeneous within a cell population, 
analogous to the behaviors reported to occur during tumor progression.  Incorporation 
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of micro-architectures in confined channels enables the probing of migration 
behaviors specific to defined geometries that mimic in vivo microenvironments. 
 
2.2 Introduction 
Metastasis is the leading cause of cancer related deaths.  The mechanisms and 
effects of metastasis often span large spatial and temporal scales, which make any 
experimental and analytical characterization difficult.  To address the need for 
characterizing and screening the metastatic potential of cells, researchers have begun 
looking for mechanical markers at the single cell level [1-3].  This is particularly 
useful since metastasis has been characterized as an inefficient process that eventually 
works due to very small subpopulations of successfully invasive cells.  This notable 
feature has also led to an emphasis on understanding the importance of heterogeneity 
within cancer cell populations, as certain subpopulations are speculated to be more apt 
to progress through the entire metastatic cascade.  The importance of heterogeneity 
and the implications of different heterogeneous phenotypes on cancer metastasis, 
however, have not yet been fully resolved [4-9].  Of particular interest are phenotypes 
that promote motility and invasiveness, as these properties are often associated with 
metastasis.  
In many instances during the metastatic process, cancer cells encounter spatial 
gradients.  Examples include cells navigating through small pores in the extracellular 
matrix (ECM) during invasion through the stroma, intra- and extravasation across tight 
junctions of the endothelium, and migration through the microvasculature especially in 
vessel branch points [1,3,10,11] – all illustrated in Fig. 2.1.  Essentially, in many 
scenarios in which a cell interacts with an interface where its degrees of freedom of 
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motion or effective mobility are changed, the local microenvironment exhibits a 
spatial gradient.  Understanding the mechanical responsivity of a cell when 
encountering spatial gradients, particularly in the context of squeezing into tight 
spaces during invasion, can elucidate phenomenological attributes associated with 
metastatic cells. 
 
Figure 2.1.  Cells encountering spatial gradients in physiological and 
simulated environments.  A-C.  A cancer cell (orange) is (A) 
navigating through small pores in the extracellular matrix (green) as it 
is invading through the tumor stroma, (B) squeezing through the 
endothelium (red cells) during intra- and extravasation, and (C) 
encountering vessel branch points upon migration in the 
microvasculature.  D.  Cells migrating in our tapered microchannel 
device, which simulates physiological spatial gradients encountered 
by cells during the metastatic process.  The width of the larger channel 
is 15μm.      
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A number of recent studies have used microfluidic and micropatterning 
techniques to simulate microenvironments that may be relevant to cancer cell 
migration.  Asymmetric patterns generated on 2D substrates via etching or 
microcontact printing have been shown to direct cell motion [12-14].  Studies using 
long and straight microchannels with small cross-sectional areas comparable to the 
cell size, which simulate confined paths in tissues, the microvasculature, and 
lymphatic vessels [10], have shown that in such environments, cells are able to move 
unidirectionally with unusually high persistence as compared to 2D studies on flat 
substrates with no confining boundaries [15,16].  The physiological 
microenvironment, however, is diverse and non-uniform.  Therefore, straight 
microchannels, a zeroth order environment (i.e. no perturbations in the direction of 
cell migration), provide limited means of extracting information about a cell’s 
responsivity.  By introducing small perturbations, higher order effects can be 
examined that may allow one to better understand how individual cells respond to a 
perturbation to its steady-state.   
To accomplish this, here we have developed and conducted cell migration 
experiments in spatially tapered microchannels with cross-sectional areas comparable 
to the cell size.  This provides a good model for cell navigation through physical 
constraints and spatial gradients, which are important during metastasis.  Typical 
experiments (Fig. 2.1 d) for weakly and strongly metastatic cells in these 
environments are shown in supplementary videos S2.1 and S2.2, respectively.  We 
demonstrate and compare the mechanical responsivity of three cell types: 1) bovine 
aortic endothelial cells (BAECs), which are a primary cell culture used here to provide 
basic insights toward mechanical and migratory behavior of adherent cells in tapered 
microchannels, 2) MCF-10A, a non-transformed human mammary epithelial cell line 
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used here to represent non-metastatic cells, and 3) MDA-MB-231, a highly metastatic 
human cell line derived from metastatic breast carcinoma used in this study to model 
highly metastatic cells.   
To date, most experiments involving engineered microenvironments and cell 
mechanics have been considered only in the steady-state.  For instance, chemotactic 
responses, migration through straight confinement channels, and many other studies of 
cell migration, polarization, and morphology have only been characterized by average 
and steady-state velocities, directional persistence, and other ensemble averaged 
mechanical properties [15-18].  Cell behavior, however, is governed by both spatially 
and temporally varying molecular signals and feedback [19-23].  These transient 
dynamics, such as the activation of intracellular processes in response to external 
mechanical or chemotactic stimuli, have not been considered in great detail.  In this 
study, we investigate the transient cell dynamics caused by spatial, physical gradients.   
 
2.3 Results 
2.3.1 Heterogeneity and Statistical Behavior 
To investigate the migratory response of cells to physical spatial gradients, we 
designed an array of PDMS microchannels bonded to a glass substrate.  The device 
design and fabrication procedure are shown in Fig. 2.2.  Each channel consists of a 
tapered junction of variable spatial gradient that connects a large (cross-sectional area: 
15μm x 10μm) channel with a small (4μm x 10μm) channel.  Six different gradients 
are incorporated, and for the studies here they are categorized as either “high” 
(tapering angle larger than 7 degrees) or “low” (tapering angle smaller than 3 degrees) 
gradients (see Fig. 2.2 caption for more details).  Cells migrate unidirectionally in the 
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large channel towards the small channel and their behavior in the tapered region is 
observed via timelapse microscopy (approximately 24hrs per experiment) and 
analyzed.  See methods section for more details on the fabrication of the microfluidics.   
                  
 
Figure 2.2.  Design patterns and device fabrication process.  A.  Image of 
actual device tapered microchannels from brightfield microscopy.  Larger 
channels (15μm x 10μm) are connected to smaller channels (4μm x 10μm) 
via a tapered junction.  The tapering angles are 1, 2, 3, 7, 15, and 40 degrees 
from low to high.  The first three junctions are considered “low gradients” 
and the last three are considered “high gradients.”  Scale bar 100μm.  B.  
Schematic of fabrication procedure.  Standard contact photolithography is 
used to pattern SU8 masters which are then used in PDMS soft lithography 
to generate microchannels.   
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We characterize the cell as a two-state system where each state corresponds to 
its polarization, which is determined here based on the direction of cell migration.  
Since the cell is confined to migrate in 1D, only two polarizations exist, forward and 
backward.  We measure the probability of occurrence of each state upon a cell’s 
interaction with the tapered geometry.  Specifically, the two states are determined as: 
1) a cell penetrating through the tapered junction and permeating into the smaller 
channel (i.e. the entire cell body is inside the smaller channel), and 2) a cell turning 
around (repolarizing) once reaching the tapered region and migrating in the backwards 
                           
 
Figure 2.3.  Heterogeneous cell behavior in tapered junctions.  A-B.  
Timelapse montage of a cell (MCF-10A) (A) turning back once reaching the 
tapered region (each frame is 0.96hrs) and (B) permeating into the smaller 
channel (each frame is 2.5hrs).  Width of larger channel is 15μm.  See 
supplementary materials for timelapse videos of all 3 cell types studied. 
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direction.  Sample experiments demonstrating both states are shown in Fig. 2.3, and 
supplementary Videos S2.3-S2.6 show timelapse movies of various cell types 
migrating in the devices and exhibiting various behaviors.  All cells considered are 
initially migrating in the direction pointing from the larger channel to the smaller 
channel.  To account for random repolarizations due to distance traveled and the 
different lengths of tapered junctions of different spatial gradients, a fixed interaction 
length (250μm between tapered region and start of small channel) is considered for 
each cell.  All and only cells entering this region are considered, so random 
repolarizations due to distance traveled are weighted equally in all junctions.  
Furthermore, cells that die or have not made a conclusive decision by the end of each 
timelapse experiment are ignored.  Cells interacting with other cells are also ignored.         
 First, our results demonstrate the non-trivial existence of these two states, as 
both have been observed with appreciable frequency.  We have identified two distinct 
migratory phenotypes, permeating cells and repolarizing cells.  Here, phenotype refers 
to any observable characteristic or behavior of the cell.  The occurrence of these two 
states enables us to quantify migratory invasiveness both in the same cell population 
and across different cell types with a simple binary analysis.  We characterize these 
events by their probability of occurrence and show that there is a significant 
dependence of this property on both the spatial gradient of the tapered junction and the 
cell type.   
 Fig. 2.4 shows the response of different cell types to the spatial gradient of the 
tapered junction.  For BAECs, the probability of permeation (into the small channel 
once reaching the tapered region from the large channel) is greater for higher spatial 
gradients (60%, n = 20) than for lower gradients (12%, n = 17) (p<.05).  In other 
words, more gradual transitions tend to induce cells to repolarize more often.  
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Furthermore, for the subset of cells that experience this more gradual transition, the 
probability of repolarization (88%) is statistically higher than permeation (12%) 
(p<.05).  For MCF-10A’s, the probability of permeation is 50% (n=10) for low 
gradients and 25% (n=8) for high gradients.  For MDA-MB-231’s, the probability of 
permeation is 86% (n=7) for low gradients and 87% (n=15) for high gradients. 
 
                          
 
 
Figure 2.4.  Cell behavior statistics at the tapered junction.  Data plots 
showing the probability of cell permeation (PM, yellow) and repolarization 
(RP, red) for low and high gradient tapers for three different cell types.  
Error bars represent 95% confidence intervals calculated from the standard 
deviation of Bernoulli experiments.  * denotes statistical difference, p-value 
<.05, between data at the nodes of each line.       
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 The response of highly metastatic MDA-MB-231 cells shows several 
distinguishing features.  First, the probability of permeation for both low and high 
gradients is statistically greater than the probability of turning around (p<.05).  For 
low gradient tapers, this result is opposite to that of BAECs.  Next, in comparison with 
non-metastatic breast epithelial cells (MCF-10A’s), MDA-MB-231 cells exhibit a 
statistically higher (p<.05) probability of permeation for high gradient tapers.  These 
differences, particularly the latter case, can potentially be distinguishing factors 
between highly metastatic cells and non-metastatic cells.  A higher probability of 
permeation in a spatially tapered and highly confining microenvironment for a 
particular cell type may indicate greater invasiveness in the context of cancer 
metastasis.    
It has been shown previously that small channels which force cells to deform 
significantly in order to enter have a much lower probability of cell permeation upon 
contact [16].  Our results, particularly for MDA-MB-231’s, show that there is a 
substantial permeative population into the smaller channel despite such highly 
constrictive spatial domains.  This may imply that once a cell has entered into a mode 
of 1D unidirectional migration, its permeative and invasive capabilities are enhanced, 
at least in the direction of motion.  Physiologically this may suggest that there is a 
feedback mechanism that once a metastatic cancer cell has entered into a defined track 
in the extracellular matrix or microvasculature, it gains increased aggressiveness 
during invasion into more confining spaces.   
 
2.3.2 Cell Transition Dynamics and Signaling Feedback on the Single Cell Level 
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The tapered channel assay presented above can also be used as a label-free 
method of quantitatively characterizing signaling feedback on the single cell level by 
analyzing the mechanical responsivity of cells and profiling cell migration transition 
dynamics.  Responsivity is the factor that maps an external input to an output of 
interest.  Here, the input is the transformation of space and the output is the induced 
cell migration dynamics.  Cell dynamics involve intracellular signaling which entails 
feedback loops to ensure a robust and rapid cell response. Feedback (whether 
electrical, mechanical, or biological) can often manifest mathematically as an 
exponential (sigmoid) curve [20,21].  Therefore, we fit the velocity profile of cells 
migrating in the spatially tapered region into sigmoid curves and derive characteristic 
transient constants.  We note the sequential activation of two feedback loops (one 
negative and one positive).  The model we used for curve fitting is:  
1
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where vi is the initial steady-state velocity, vf is the final steady-state velocity, 1/c1 is 
the time constant of the first sigmoid, 1/c2 is the time constant of the second sigmoid, 
t01 is the time for the mid-point of the first sigmoid, t02 is the time for the mid-point of 
the second sigmoid, and vf1 is the final steady-state velocity if the second sigmoid is 
not present.  By analyzing the temporal evolution of the cell’s velocity, we can extract 
several key parameters of the transition process – 1) the time constants of the sigmoid 
curves (the net signaling feedback loops) and 2) the temporal delay between the 
activation of the two net signaling processes (t02 – t01).   
The first process is a negative feedback loop that diminishes the speed of the 
cell as it encounters additional spatial constraints (i.e. the spatial taper).  The second 
process is a positive feedback loop that accelerates the cell to a steady-state velocity in 
the direction it has chosen to pursue after encountering the spatial gradient.  The delay 
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in the activation of these two signaling processes is likely time used to reorganize the 
cell’s cytoskeletal network for permeation into a more confining channel or 
repolarization for migration in a different direction. 
                                                        
        
Figure 2.5.  Migration dynamics of repolarizing and permeating cells.  A-B.  
Timelapse image stack (A) juxtaposed on top of the data and sigmoid curve fit of the 
velocity profile on the same time interval (B) of a permeating MDA-MB-231 cell 
during transition in the tapered junction.  The time constants for the first and second 
sigmoidal curves are approximately 6 and 3 minutes, respectively, and the delay 
constant is 1 hour.  R
2
 of the fit is 0.7.  C-D.  Timelapse image stack (C) juxtaposed 
on top of the data and sigmoid curve fit of the velocity profile on the same time 
interval (D) of a repolarizing MCF-10A cell during transition in the tapered junction.  
The time constants for the first and second sigmoidal curves are both approximately 
10 minutes, and the delay constant is 2 hours.  R
2
 of the fit is 0.94. 
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Two time constants and a delay constant provide suitable curve fits for the 
velocity profile of cells undergoing this transition.  For example, as shown in Fig. 2.5a 
for a permeating cell, the two time constants are 6 and 3 minutes, respectively, and the 
delay constant is 1 hour, and as shown in Fig. 2.5b for a repolarizing cell, the two time 
constants are both approximately 10 minutes and the delay constant is 2 hours.  Time 
and delay constants for different cells can vary (from minutes to hours) indicating 
potentially diversity in signaling pathways at play and the cytoskeletal complex of 
individual cells.  This illustrates the importance of considering single cell dynamics 
rather than ensemble averages, particularly for the analysis of cancer cell mechanics 
since metastatic potential may be dictated by heterogeneous subpopulations displaying 
more invasive characteristics [7-9].  This method presents a way of measuring the 
signaling of a net biological process which may be more meaningful than the 
expression of individual signaling molecules that may contribute to a multitude of 
pathways and phenotypes.     
 
2.4 Discussion 
In this study, we have investigated the migratory behavior of different cell 
types in response to physical spatial gradients.  We focused on the transition region 
connecting a larger channel to a smaller channel and demonstrated the effect of 
varying the spatial gradient of the junction on cell responsivity.  We also showed that 
the highly metastatic cells used here (MDA-MB-231’s) have a statistically higher 
permeative nature into smaller regions than non-metastatic cells (MCF-10A’s), at least 
when the spatial gradient is high.   
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Previous work that used highly confining environments to study cell migration 
and adhesion dynamics has primarily involved straight and symmetric microchannel 
structures.  For example, Jacobelli et al. [24] demonstrated that myosin IIA regulates 
the crawling mode of T-cell migration by analyzing the “walking” and “sliding” 
adhesion dynamics of T-cells when migrating in straight confinement microchannels.  
Hawkins et al. [25] developed a mathematical model that addresses spontaneous 
motion in narrow channels based on actin polymerization within a model cell.  
Furthermore, Irmia and Toner [15] demonstrated that mechanical confinement can 
induce spontaneous unidirectional migration in cells, and migration rates are affected 
by microtubule-disrupting drugs such as Taxol and Nocodazole.  These studies clearly 
showed the rich information about cell mechanics and motility that can be extracted by 
imposing physical constraints in the cells’ local microenvironment.  However, the data 
from these previous experiments were based on spontaneous cell reactions in a static 
environment with no perturbative features for stimulating cell responsivity.  Very little 
information can be extracted about cell behavior at barriers and interfaces, which is 
especially important when considering metastasis, during which cancer cells are often 
transitioning across impeding junctions and into new environments.  One such 
interface is the increase in physical constraint (as illustrated in Fig. 2.1), which our 
assay simulates.  By introducing a spatially tapering region into microchannels, cells 
are stimulated at the interface and responses are induced.  Therefore, stimulated 
dynamics rather than steady-state or spontaneous reactions can be studied.   
Additionally, we elucidated the existence of behavioral differences within a 
common cell type in response to a tapered microgeometry; all cell types used here 
exhibited both permeating and repolarizing subpopulations.  The existence of these 
two states demonstrates phenotypic heterogeneity in mechanical invasiveness among a 
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common population of cells.  Whether this heterogeneity is static or dynamic (i.e. 
whether the same cells always exhibit the same phenotype or this phenotype fluctuates 
in time for all cells) and the implications of either are currently not known and further 
studies are required.  Heterogeneous subpopulations in tumors have been shown 
[26,27], but the contributions to metastatic potential are not well understood [5,7,8].  
Our technique presents a way of probing this heterogeneity based on mechanical 
properties on a single cell level.       
Furthermore, migration dynamics under transition phases can provide insights 
into the mechanical responsivity of cells that can ultimately be mapped to intracellular 
signaling feedback mechanisms.  For instance, one of the key contributors to cell 
locomotion is the actin machinery, where the polymerization and depolymerization of 
actin filaments provide force that drives cells in the direction of motion [28,29].  The 
velocity of cells then should be approximately proportional to the number of actively 
contributing actin filaments, and the velocity profile measured in this study should 
therefore be representative of actin signaling dynamics (i.e. the concentration profile 
of actin in the polarized edge of the cell, with negative values indicating that the 
polarization has changed directions).   
 Finally, our data indicate that metastatic MDA-MB-231 cells exhibit a more 
invasive phenotype (greater motility through the high gradient channels) than non-
metastatic MCF-10A and BAECs.  Because metastasis is a highly physical process 
that involves cell migration and deformation, our microfabricated system may have 
uncovered a novel mechanism by which metastatic cells enter narrow capillary beds of 
organs – cells may move through capillaries through active migration rather than 
simply passive flow transport.  In our system, high and low gradient tapers may 
simulate vessel branch points and continuation along the main branch, respectively.  
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Overall, by introducing additional parameters, e.g. variable geometric constraints, in 
engineered microenvironments, more information can be deduced about cell-
environment interactions, such as mechanical triggers for cell repolarization and 
stability and persistence of cell polarization when perturbed externally. Investigation 
of the migratory response of cells to spatial constrictions could be valuable in 
elucidating other mechanical markers of metastasis.  
 As with most in vitro experimental systems, there are important caveats to 
address.  Two important properties are the compliance of the materials used and the 
dimensionality of the system compared with physiological environments.  The 
boundaries of our microchannels are glass, which is effectively purely rigid, and 
PDMS (10:1 ratio of silicone elastomer to curing agent), which has an elastic modulus 
of around 10
3
 kPa [30,31].  Typical physiological surfaces that cells adhere to are soft 
and viscoelastic tissues comprising of the extracellular matrix and other cells (with 
elastic moduli between 10-10000 Pa) [32-35], which can be deformable under cellular 
forces [30,32,36,37].  Strong connective tissue and blood vessel walls can have elastic 
moduli on the order of 1 MPa [31,33].  The complexity of the physiological 
environment, with such properties as non-uniform pore sizes and varying 
viscoelasticity in addition to dynamically regulated chemical signaling and proteolysis 
[35,38-42], makes it difficult to quantitatively analyze the fundamental principles of 
any physical processes.  To begin to derive the governing properties of cell migration 
and invasion, it is important to simplify the experimental domain.  With our assay, we 
are essentially considering a limiting case in which the compliance is low (relative to 
soft tissues) at the microchannel walls and infinite inside and along the channel.  By 
reducing the width of the channel through physical tapering, we are reducing the 
“effective compliance” as experienced by the cells.  Similarly, the dimensionality of 
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our microchannel system can be considered as either 1-D, since cells are primarily 
moving along one axis, or pseudo 3-D, since cells can adhere to and interact with the 
four surrounding walls.  Typical experiments that are supposed to mimic more 
physiological 3-D environments are conducted with cells embedded in extracellular 
matrix-simulating gels [40,43,44].  Fraley et al. [45], for example, demonstrated that 
cell motility in these 3-D environments does not rely significantly on focal adhesion 
formation and depends on traction between cell protrusions and the surrounding 
matrix, both of which are different than 2-D motility.  While 3-D experiments are 
excellent in elucidating more physiological mechanisms of cell motility, it is difficult 
to simulate and modulate interfaces, which as mentioned throughout this paper have 
important physiological consequences, in 3-D gels.  Furthermore, the cell-in-gel model 
may not be the most accurate with regards to cell dynamics in microcapillaries, where 
the surrounding matter is the vessel wall and the interior is fluid (e.g. Yamauchi et al. 
[10] showed that cell dynamics in micro-vessels are relevant during the metastatic 
process).  One of the main advantages of the confined microchannel approach is the 
ability to introduce and tune interface geometries.  Ultimately, our tapered channel 
assay enables the quantitative analysis of the ability of a cell to transition from a 
region with higher degrees of freedom in movement to a region with lower degrees of 
freedom.  Extensions of this assay could incorporate extracellular matrix components 
and multiple cell types in the channels to simulate more physiological conditions.      
 
2.5 Methods 
2.5.1 Cell Culture 
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BAECs (VEC Technologies) were maintained at 37
o
 C and 0% CO2 in Leibovitz L-15 
media supplemented with 10% Fetal Bovine Serum and 1% Pen/Strep.  
Experimentation was conducted using the same media under the same condition.   
MDA-MB-231 cells from the American Type Culture Collection (ATCC, HTB-26) 
were maintained at 37
o
 C and 5% CO2 in DMEM supplemented with 10% Fetal 
Bovine Serum.  Experimentation was conducted in the same condition except with 
DMEM replaced by L-15 and at 0% CO2.   
MCF-10A cells from the ATCC (CRL-10317) were maintained at 37
o
 C and 5% CO2 
in DMEM/F12 supplemented with 5% Horse serum, 0.5 μg/ml Hydrocortisone, 
20ng/ml hEGF, 10 μg/ml Insulin, 100 ng/ml Cholera toxin, 100 units/ml Penicillin, 
and 100 μg/ml Streptomycin.  Experimentation was conducted in the same condition 
except with the addition of 10mM HEPES buffer and at 0% CO2.  During 
experiments, the pH of cell culture media was monitored periodically by observing the 
color of the media due to the phenol red dye.  No significant changes were seen.  
Furthermore, fresh media with the addition of 10mM HEPES buffer for pH 
stabilization were replenished every 24 hours.          
Note: The media used for each cell type are based on the ATCC (American Tissue 
Culture Collection) or National Institutes of Health Physical-Sciences and Oncology 
Center specifications, also delineated by Debnath et al. [46] and Guise et al. [47]. 
 
2.5.2 Microchannel Fabrication 
As shown in Fig. 2.2b, standard contact photolithography is used to generate an SU8 
(MicroChem, Newton, MA) on silicon master that is used to create PDMS (10:1 
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silicone elastomer to curing agent ratio) (Dow Corning, Midland, MI) molded 
microchannels, which are bonded to a glass slide.  In the designed pattern, as shown in 
Fig. 2.2a, a tapered junction of variable spatial gradient connects a large (cross-
sectional area: 15μm x 10μm) channel with a small (4μm x 10μm) channel.   
 
2.5.3 Cell Loading and Preparation for Experiments 
Two fluidic injection ports are incorporated into the microchannel device – one on the 
side of the larger channels (inlet) and one on the side of the smaller channels (outlet).  
Cells are loaded into the inlet and allowed to proliferate and migrate into the larger 
channels.  During experiments, devices are placed on top of a heating stage maintained 
at 37
o
 C.     
 
2.5.4 Cell Migration Trajectory and Velocity Tracing 
Timelapse microscopy conducted on an inverted microscope with a 10x objective, 
with a temporal resolution of 2.88 min/frame, was used to record cell migration in 
microchannels.  The center of mass of cells was tracked manually through image 
stacks using ImageJ, and velocities were calculated by linear approximation with 
adjacent frames.  Each velocity data point was then averaged with the neighboring 10 
points for smoothening and noise filtering.   
 
2.5.5 Statistical Analysis of Cell Permeation Vs. Repolarization 
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Since we are considering a binary system and assuming the behavior of each cell 
represented by the data can be considered as an independent event, the statistics 
should follow the Bernoulli distribution.  The statistical variance v of the cell behavior 
is then pq, where p and q are the probabilities of cell permeation and repolarization, 
respectively.  By the central limit theorem [48] for a sample of size n, the error of 
estimating p (and q) from our experimentally acquired value of pe (and qe) should 
follow a normal distribution.  Mathematically: 
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where N(0,1) is notation for the standard normal distribution.  To calculate confidence 
intervals: 
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and N(0,1) is 1.96 for 95% confidence and v is approximated by our experimental 
values as peqe.  For further details see [48].    
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2.7 Supporting Information 
Video S2.1.  Sample high-throughput (multichannel) experiment of MCF-10A cells 
migrating in tapered microchannel device.  The frame rate is 10000 times faster than 
real-time (every second in the video corresponds to 2.78 hours).  The widths of the 
larger and smaller channels are 15 and 4 μms, respectively.     
 
Video S2.2.  Sample high-throughput (multichannel) experiment of MDA-MB-231 
cells migrating in tapered microchannel device.  The frame rate is 10000 times faster 
than real-time (every second in the video corresponds to 2.78 hours).  The widths of 
the larger and smaller channels are 15 and 4 μms, respectively.     
 
Video S2.3.  BAEC permeating through the tapered microchannel.  The frame rate is 
10000 times faster than real-time (every second in the video corresponds to 2.78 
hours).  The widths of the larger and smaller channels are 15 and 4 μms, respectively.     
 
Video S2.4.  BAEC turning around (repolarizing) once reaching the tapered region.  
The frame rate is 10000 times faster than real-time (every second in the video 
corresponds to 2.78 hours).  The widths of the larger and smaller channels are 15 and 
4 μms, respectively.       
 
Video S2.5.  MCF-10A cell permeating through the tapered microchannel.  The frame 
rate is 10000 times faster than real-time (every second in the video corresponds to 2.78 
hours).  The widths of the larger and smaller channels are 15 and 4 μms, respectively.     
 
Video S2.6.  MCF-10A cell turning around (repolarizing) once reaching the tapered 
region.  The frame rate is 10000 times faster than real-time (every second in the video 
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corresponds to 2.78 hours).  The widths of the larger and smaller channels are 15 and 
4 μms, respectively.     
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CHAPTER 3 
 
ELUCIDATING MECHANICAL TRANSITION EFFECTS OF INVADING 
CANCER CELLS WITH A SUBNUCLEUS-SCALED MICROFLUIDIC 
SERIAL DIMENSIONAL MODULATION DEVICE  
 
3.1 Abstract 
Mechanical boundaries that define and regulate biological processes, such as cell-cell 
junctions and dense extracellular matrix networks, exist throughout the physiological 
landscape.  During metastasis, cancer cells are able to invade across these barriers and 
spread to distant tissues.  While transgressing boundaries is a necessary step for distal 
colonies to form, little is known about interface effects on cell behavior during 
invasion.  Here we introduce a device and metric to assess cell transition effects across 
mechanical barriers.  Using MDA-MB-231 cells, a highly metastatic breast 
adenocarcinoma cell line, our results demonstrate that dimensional modulation in 
confined spaces with mechanical barriers smaller than the cell nucleus can induce 
distinct invasion phases and elongated morphological states.  Further investigations on 
the impact of microtubule stabilization and drug resistance reveal that taxol-treated 
cells have reduced ability in invading across tight spaces and lose their super-diffusive 
migratory state and taxol-resistant cells exhibit asymmetric cell division at barrier 
interfaces.  These results illustrate that subnucleus-scaled confinement modulation can 
play a distinctive role in inducing behavioral responses in invading cells and can help 
reveal the mechanical elements of non-proteolytic invasion. 
 
3.2 Introduction 
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Metastasis is the process by which cancer invades and spreads to different parts of the 
body.  It is a difficult phenomenon to study because of its expansive spatiotemporal 
scales – it can involve a single cell’s journey over meters and years 1-3.  While new 
technologies in genomics and proteomics, computational models, and advanced 
microscopy have facilitated our understanding of the many altered molecular 
pathways and mutations that occur in cancer  
4
, very little is understood about the 
mechanical properties that are characteristic of cancer, particularly at the single-cell 
level.  Single-cell mechanics is important because metastasis is intrinsically a 
mechanical transport phenomenon in which individual cells must break from the 
primary tumor, squeeze and invade through small pores of the extracellular matrix 
(ECM) of the tumor stroma, intra- and extravasate across endothelial junctions, and 
circulate and traffic in the vasculature 
1, 2, 5
.  Additionally, cell mechanics is rich with 
many characteristic properties such as traction stress 
6, 7
, morphological responsivity to 
force, and material properties.  All of these features may potentially impact the 
capabilities and behavior of cancer cells during invasion 
8-11
.  Moreover, the 
connections between many important phenomenological events associated with cancer 
– such as morphological phenotypes, cell division asymmetry, and drug resistance – 
and the mechanical features of the microenvironment – e.g. geometry, dimensionality, 
and confinement on a subnucleus length scale – are not well understood.  The 
subnucleus length scale is of particular interest because the nucleus is one of the 
stiffest and largest organelles in the cell 
12
.  Therefore, intuitively, across the most 
confined spaces, the nucleus is likely to limit invasion rates and be forced to undergo 
deformations and potential conformational changes, which could have implications in 
mechanotransduction and altered cell phenotypes 
12-14
.  
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Current experimental systems for understanding cell-level mechanical phenomena can 
be categorized into two general types: passive and active systems from the frame of 
reference of the cell.  In a passive system, the experimentalist is manipulating cells 
and obtaining measurements, such as material properties of the cytoskeleton and 
nucleus, often in real-time.  Cells are passively being probed and cell signaling is 
generally not studied in detail.  In an active system, cells are seeded in an engineered 
environment and allowed to interact (actively and holistically) with their surroundings.  
Timelapse video microscopy is used to record the interactions for later processing.   
 
Examples of passive systems for cell mechanics studies include microfluidic inertial 
focusing, optical force deformation, microrheology, atomic force microscopy (AFM), 
and micropipette aspiration 
10, 11, 15-17
.  The advantage of these systems is that they can 
be very precise, as in piezo-electric positioning in AFM measurements, with many 
parameters that are highly tunable (such as flow rate, optical power, electric and 
magnetic field modulation, and micropipette suction force).  Measurements can also 
be fast on a per cell basis; upwards of thousands of cells can be sampled per second 
11
.  
The drawback is that these systems measure passive and/or bulk biological 
characteristics, such as cell deformability and viscoelasticity.  While these properties 
are useful and can be correlated with important phenomena such as disease state, stem 
cell differentiation, and possibly metastatic potential 
10, 11
, they are usually a 
reductionist description of biological systems that are infinitely more complex.  As 
such, phenomena attributable to dynamic behavior and functional abilities associated 
with the integrated system of a cell (which is a complex coordination of signaling 
events from a multitude of biomolecules and pathways) typically cannot be assessed. 
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The advantage of active systems is that they interrogate system-level biological 
processes and cell responses.  The results are then more translatable and tangible 
toward cell behavior and capabilities in dynamic physiological events, which may help 
identify targetable elements for therapeutics 
18-20
.  Current state-of-the-art active 
systems include 3D cell-in-gel models, 2D micropatterning techniques, and 
microfluidic devices for cell migration 
16, 21-24
.  In these systems, aspects of cell 
motility and mechanics can be studied, such as the cell’s ability to remodel and 
navigate through extracellular matrix (ECM) fibers, the migration behavior and 
morphology on a predefined substrate pattern, and motility characteristics in highly 
confined spaces.  One main drawback is that thus far such active systems generally are 
not well equipped with features and metrics to facilitate the study of complex cell 
behavior.  Dynamic single-cell events and characteristics are important towards our 
understanding of cancer progression, particularly in light of current themes of interest 
including heterogeneity, plasticity, and drug-resistance 
25-28
.  Existing methods tend to 
measure lower-order properties such as cell displacements and velocities.  If we 
consider the complex displacement function of a typical cell, those properties are 
simply the 0
th
 and 1
st
 order terms of its Taylor expansion.  Fundamentally, there is no 
reason why we should be reduced to those terms.  Practically, however, there are 
limitations.  3D gels are viscoelastic and heterogeneous on the scale of the cell 
2, 26, 29
, 
so environmental dispersion is likely to reduce measurable elements to lower order 
properties – such as displacements and velocities.  Microfluidic motility assays with 
no localized stimulatory features enable only the measurement of spontaneous cell 
behavior, so any transition dynamics would be difficult to quantify.  Even techniques 
like traction force microscopy that measure more complex mechanical phenomena are 
often acquired at fixed points in time.  Only recently have experimental studies started 
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alluding to mechanical cell transition dynamics, investigating active shape changes of 
cell nuclei in hydrogels and induced patterns of velocity change in microchannels 
14, 30
. 
 
                                                        
              
 
Fig. 3.1: Device design.  Microfluidic channels connect two port reservoir 
regions.  Cells are seeded into the reservoir and allowed to invade into the 
channels.  In the actual device, the two ports are connected to the same larger 
reservoir in order to allow for pressure equilibration and a larger volume of 
media to be supplied.  Expanded view: the multi-stage serial invasion 
channels (M.U.S.I.C.) device consists of repeating patterns of a larger 
channel (LC) with width (15µm) on the scale of the cell connected to a 
smaller channel (the subnucleus barrier) with width (3.3µm) smaller than the 
typical cell nucleus.  There are two designs for the subnucleus barrier (SNB) 
– one is shorter than a typical cell (SNB10) and one is longer (SNB60), with 
lengths 10µm and 60µm, respectively.  Transition dynamics occur when cells 
squeeze across the subnucleus barriers. 
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Here, we develop an active microfluidic system with complex, well-defined features to 
study the dynamics and mechanical properties of actively invading cells.  As shown in 
Fig. 3.1, we incorporate patterns and repetitions along a dimensionally-confined 
microfluidic channel.  Specifically, the dimensions are modulated and confinement 
features smaller than the cell nucleus are incorporated, which stimulate cell transition 
dynamics both in motility and morphology.  Such highly confined geometries mimic 
the dimensionality of the smallest physiological spaces relevant in metastasis, for 
example small pores in the dense ECM of the tumor stroma, endothelial junctions 
during intravasation, and traffic-inducing microvessels 
2, 19, 31, 32
.  Additionally, the 
periodic barrier design imposes multiple interfaces per cell, which is a first step in 
better quantifying the effects of more complex physiological boundaries that mimic 
the spatial heterogeneities found in the tumor stroma. The periodic barriers along a 
single channel also enable the sampling of individual cells multiple times.  The goal of 
our study is to develop a device designed to test the effects of subnucleus-scaled 
spatial confinement modulation on the dynamics of cell invasion and the specific roles 
of cell mechanical plasticity and cell-to-cell heterogeneity in tumor progression.  
Currently there does not exist a standardized technique that can probe into the 
connections between these important parameters in cancer metastasis, particularly on a 
single high-throughput platform.  
 
In what follows, we quantify higher order mechanical dynamics, interface induced 
morphological effects, and the impacts of microtubule stabilization and drug resistance 
during invasion.  Our results reveal several key findings – 1) cell transition across 
spaces smaller than the cell nucleus can be segmented into multiple distinct phases, 2) 
multiple functional strategies are employed by the cell during invasion, 3) a more 
extended morphological state is induced by the modulation of confined spaces, 4) 
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microtubule stabilization impairs cell transition across mechanical barriers and alters 
the motile state of the cell, and 5) taxane-resistance is correlated with geometrically 
induced asymmetric cell division.     
 
3.3 Results and Discussions 
3.3.1 Multi-staged Serial Invasion Microchannels (MUSIC) for Investigating Cell 
Mechanics and Dynamics 
To develop an assay that can directionally focus the cell invasion program for high 
throughput quantitative analysis, we designed and fabricated a microfluidic device that 
induces serial dimensional modulation on the cell and nucleus scale (Fig. 3.1).  We 
refer to this herein as a MUlti-staged Serial Invasion Channels (MUSIC) device.  To 
perform the assay, first we induce spontaneous cell migration into confinement 
microchannels with cross-sectional area comparable to the cell size – the y and z 
dimensions are bound such that the cell is forced to move primarily along the x-
direction.  Then we incorporate a spatially tapering interface that connects the 
confinement channel to another even smaller channel (referred to as the subnucleus 
barrier (SNB)) with width smaller than the cell nucleus, which is one of the largest and 
stiffest organelles in the cell 
14
.  Fig. S3.1 shows fluorescently stained nuclei at 
different sections of the device, revealing nuclei morphology and deformation.  This 
device design in essence directs and reduces the 3-D invasion program into a 2-
component process – 1) the cell migrates in the x-direction while 2) necessarily 
altering its y-dimensions.  Because the migration vector points in one direction (x) and 
the primary induced region of change is in the orthogonal direction (y), high 
throughput quantitative analysis can now be accomplished in 1-D, thus increasing the 
feasibility of experiments and enabling predetermined axes of interest.  Furthermore, 
repeating patterns of the subnucleus barrier are placed along the length of the 
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microchannel, enabling serial effects and multiple sampling of individual cells, 
therefore providing a way to elucidate the plasticity of mechanisms of invasion for 
each cell.  In our experiments, we consider both 1) cell invasion in only the larger 
confinement channel region (referred to as LCI) and 2) invasion from the larger 
channel across the subnucleus barrier (referred to as SNI).  Our device design 
incorporates two different lengths for the SNB – 10μm (SNB10) and 60μm (SNB60), 
which are shorter and longer than a typical MDA-MB-231 cell, respectively. 
 
3.3.2 Invasion Dynamics across the Subnucleus Barrier   
To understand higher order effects of cell invasion, we first identified the nonlinearity 
in the cell displacement function during SNI.  Then we segmented the process into 4 
distinct phases and measured the time constants of each phase.  This is important 
because SNI is a transition process, so an average velocity approximation does not 
reveal the transition dynamics.  In our analysis, four SNI phases are distinguished by 
distinct mechanical characteristics as shown in Fig. 3.2.  Phase 1 – the cell migrates in 
the larger channel (LC) and slows down as it approaches the subnucleus barrier 
interface.  Phase 2 – the body (bulge region) of the cell starts permeating into the 
subnucleus barrier.  Phase 3 – the cell stops monotonic forward motion and either 
pauses or moves back and forth.  Phase 4 – the body of the cell exits the subnucleus 
barrier in a monotonic forward motion.  We quantified the invasion time constants for 
the MDA-MB-231 cell line that models highly invasive breast cancer cells, and we 
parameterized the subnucleus barrier length (Fig. 3.2b, Video S3.1). By dissecting the 
measurements into phases, we are able to describe the steps and timeframe for a cell to 
organize into a conformation that is conducive for subnucleus barrier invasion.  Phase 
3 is of particular interest in this study because it is a phase that is neglected in 
conventional assays that score cells based on net cell velocities or average directional 
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persistence.  It appears to be a transient reorganization phase, which we will discuss in 
more detail below.         
 
                                                               
 
 
 
Fig. 3.2: Cell invasion phases.  a) The dynamics of a cell invading across 
subnucleus barriers can be segmented into 4 phases, as shown in the 
timelapse image stack (17 min/frame).  The cell slows down as it reaches the 
barrier (phase 1), the cell body starts permeating into the barrier (phase 2), 
the cell pauses or otherwise stops monotonic forward motion (phase 3), and 
the cell resumes monotonic forward motion and exits the barrier (phase 4).  
b) The average time constants for these phases are measured for invasions 
across the subnucleus barriers SNB10 (n = 62) and SNB60 (n = 20), where n 
is the number of invasion events observed.  The width of the larger channel is 
15μm.   
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3.3.3 Multiple mechanical strategies are employed during invasion   
The probability data in Fig. 3.3a shows that not all of the invasion phases are exhibited 
by all cells, and the barrier length can modulate the expression of these mechanical 
phases.  Specifically, the longer subnucleus barrier SNB60 has a higher probability of 
inducing invasion phase 3, whereas many cells do not exhibit this phase in the shorter 
barrier SNB10.  We take a closer look into the mechanistic steps in cell invasion 
across a confined area and consider the functional role of the dynamic mechanical 
processes that take place.  Here, we qualitatively describe some of the strategies used 
by the cell in order to modulate its width and squeeze through the subnucleus barrier.  
Fig. 3.3 b-d demonstrates several scenarios in which the cells squeeze across the 
barrier.  In Fig. 3.3b, the cell simply contracts and the nucleus of the cell is deformed 
enough via the contractile force for the cell to move across the constriction.  In Fig. 
3.3 c-d, the cell undergoes phase 3 as described previously.  Fig. 3.3c shows a cell 
stuck at the barrier due to a stiff intracellular aggregate.  A back extension is protruded 
which tensionally elongates the cell body and reduces the width of the aggregate, thus 
facilitating intracellular trans-barrier transport.  In Fig. 3.3d, the cell moves backwards 
and forward, during which there are cytoplasmic rotational dynamics.  The cell body 
permeates into the confined region in a rolling motion, which potentially enables the 
sampling of different energy landscapes and deformable configurations and may 
reduce the energy required to deform the cell nucleus.  Therefore, through dimensional 
modulation at the length scale of the cell nucleus, we have more clearly identified 
some of the mechanical and functional phenomena that are active during the invasion 
process.  Recent studies have demonstrated that lamin b1 and dynein help regulate 
rotations of and force transduction onto the cell nucleus 
33, 34
, so further investigations 
would be interesting to investigate their contributions to the invasion program. 
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Fig. 3.3: Functional strategies during mechanical invasion.  a) The probability 
of phase 3 existing for the two different subnucleus barriers SNB10 and SNB60.  
SNB60 induces a higher probability of phase 3 existing (70%, n = 20) than 
SNB10 (19.4%, n = 62).  Error bars represent standard error of the mean (s.e.m.) 
from Bernoulli statistics and *** indicates p < 0.001 (Chi-squared test).  b) A 
timelapse image stack (17 min/frame) showing a cell invading across SNB10 
with no phase 3 observed.  The contractile force of the cell is enough to deform 
the cell nucleus across the barrier in a monotonic forward motion.  c) As this 
cell invades from top to bottom across SNB60, a stiff aggregate at the rear of the 
cell is stuck at the barrier interface.  A back extension is protruded, which 
tensionally reduces the width of the aggregate and facilitates intracellular trans-
barrier transport.  34 minutes elapsed between subsequent frames.  d) As this 
cell is invading from the LC into SNB60, cell body rotations, with visualization 
facilitated by endocytosed particles, can be seen in the timelapse image stack 
during the invasion process.  These rotational dynamics may help position the 
cell more favorably and/or sample more energetically favorable conformations 
as the cell is invading across the subnucleus barrier.  34 minutes elapsed 
between subsequent frames.  The width of the larger channel is 15μm.     
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3.3.4 Microtubule stabilization decreases cell invasiveness, but not simply by reducing 
cell speed 
Microtubule dynamics are important in many aspects of cell mechanics, including cell 
division and polarization 
35-38
.  Previous studies have demonstrated that microtubule 
stabilization reduces asymmetric distribution of cell motor proteins and reduces 
asymmetry in microtubule instability in the cell 
38
.  These properties are necessary for 
leading and trailing edges of the cell to form, which in turn lead to polarized cell 
migration.  Here, we consider the invasion dynamics of the cell as a result of 
microtubule stabilization.  We compare MDA-MB-231 cells that are either untreated 
or treated with 16µM taxol, which stabilizes microtubule dynamics 
39
 (Video S3.2).  
We show that taxol-treated cells spend a significantly longer time at the interface of 
the subnucleus barrier, as shown in Fig. 3.4a.  For instance, for a 10µm long 
subnucleus barrier, cells typically take less than 1 hour for permeation.  Taxol-treated 
cells, however, spend t > 20hrs at the interface.  Many cells actually spend more than 
the duration of our timelapse experiments before permeation, so the times specified for 
taxol-treated cells represent a lower-bound of the actual SNI time.  
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Fig. 3.4:  Effects of Microtubule Stabilization.  a) Taxol-treated (16μM) MDA-MB-231 cells take 
much longer to permeate across the subnucleus barriers than untreated MDA-MB-231 cells.  The 
total invasion times are 0.86hrs (n = 62 invasion events ), 3.33hrs (n = 20 invasion events), 22hrs 
(n = 42 invasion events), 22hrs (n = 31 invasion events), for untreated cells across SNB10, 
untreated cells across SNB60, taxol-treated cells across SNB10, and taxol-treated cells across 
SNB60, respectively.  Many of the taxol-treated cells have yet to permeate through the 
subnucleus barrier by the end of the experiments, so the data represents a lower-bound 
measurement.  Cells that have not permeated by the end of the experiments were only accounted 
for if they have spent at least 4hrs at the barrier.  This way we have disregarded arbitrarily short 
lower-bound measurements for data that was truncated too early (less than 4hrs).  Inset: the 
average speed of untreated (0.93μm/min, n = 12) and 16μM taxol-treated (0.53μm/min, n = 10) 
MDA-MB-231 cells in the larger channel LC during a 3.4 minute time interval.  Error bars are 
s.e.m.  b) Log-log plot of the average normalized mean-squared displacements (MSD) vs. time for 
untreated (black circles, n = 12 cells) and taxol-treated cells (red squares, n = 10 cells) in the 
larger channel LC.  Normalization is with respect to the first data point (3.4 minute time interval) 
of each cell.  Error bars are s.e.m.  A non-linear least squares fit to a power-law model shows a 
dependence of t
1.667
 (R
2
: 0.996, 95% confidence [1.66, 1.673]) and t
1.014 
(R
2
: 0.9829, 95% 
confidence [1.006, 1.022]) for untreated and taxol-treated MDA-MB-231 cells, respectively.  For 
Brownian motion, MSD ∝ t.   
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To explain these results from a mechanical standpoint, we consider migration 
dynamics of the cells in the larger channel region LC (before reaching the subnucleus 
barrier interface).  In this region, the average cell speed differs by only a factor of ~2 
between treated and untreated cells (Fig. 3.4a (inset)).  We consider this to be low 
compared to the factor of >20 in total SNI time over a barrier that is only 10µm long.  
To investigate the possible reasons for this phenomenon, we analyze the second 
moment of the cell displacement function (i.e. the mean-squared displacement 
(MSD)).  As shown in Fig. 3.4b, the MSD vs. time interval relation can be fitted well 
to a power-law model.  For untreated cells MSD ∝ t1.67, whereas for microtubule-
stabilized cells MSD ∝ t1, where t is the time interval.  To help understand the 
consequence of these results, consider the two limiting cases.  If a particle moves at a 
constant velocity v, MSD = v
2
t
2
, and if a particle is undergoing 1-D Brownian motion 
(pure random walk), MSD = 2Dt, where D is the diffusion coefficient.  The power-law 
dependence on time will manifest on the log-log MSD vs. t curve as the slope.  Our 
results demonstrate that untreated cells are super-diffusive, as consistent with previous 
2D studies 
40
, but microtubule stabilized cells exhibit a purely random motion 
behavior, indicating that microtubule dynamics contribute to adding a “memory 
effect” to cell motility.    
 
Since microtubules play an important role in cell polarization, motility, and division, 
in addition to being a well-targeted molecule in anticancer treatments 
37
, it is 
particularly interesting to understand their role during mechanical invasion.  
Microtubule stabilization drastically reduces the ability of MDA-MB-231 cells to 
invade across subnucleus barriers, and one potential cause is that the cells’ natural 
super-diffusive nature is abolished, reducing them to Brownian movers.  Previous 
studies have shown that signaling through the Rho family of GTPases help stabilize 
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microtubules at the leading edge of cells and can determine migration persistence, 
phenomenologically distinct from phosphoinositide 3-kinase (PI3K) signaling in 
chemotaxis 
41, 42
.  Concentrations of the GTPase Rac1 are modulated through the 
dimensionality of the microenvironment (1D lines, 2D flat surfaces, and 3D matrices), 
and a naturally occurring reduction in Rac1 expression in 1D and 3D as compared to 
2D environments leads to fewer peripheral protrusions which results in more persistent 
migratory behavior 
42
.  Rho-GTPase signaling may therefore explain the persistent 
migration in these confined microchannels, and by diminishing this persistence 
through uniform rather than localized microtubule stabilization, the cell invasion 
ability across subnucleus barriers is also impaired.  This suggests that microtubule 
stabilization may prevent cells from permeating across tight spaces, which when used 
together with matrix metalloproteinases (MMP)-inhibitors to prevent proteolytic 
invasion, may produce a synergistic effect in suppressing invasion across tight 
physiological spaces (some of which are degradable by MMPs).  A previous study 
used protease inhibitors together with Y27632 (which inhibits Rho-associated protein 
kinase ROCK) and demonstrated synergistic effects in preventing cell invasion 
18
.  
One difference here is that microtubule targeting drugs are approved and readily 
available in cancer treatments.  These drugs have been applied traditionally for their 
anti-mitosis and apoptosis effects in addition to potential anti-metastasis properties 
37, 
43
.  However, it is unclear how they affect single-cell invasion.  Our results suggest 
that for viable cells after treatment, anti-invasion effects from taxol may manifest in 
the impediment of polarization-dependent permeation across subnucleus barriers 
(rather than on simply altering cell speed).  These details can potentially help in the 
design of new combination chemotherapeutics.   
     
3.3.5 Dimensional modulation induces differential cell extension lengths   
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With the MUSIC device, we demonstrate that dimensional modulation on the scale of 
the cell and cell nucleus and interface effects from subnucleus barriers can induce 
morphological changes in invading cells.  As demonstrated in Fig. 3.5 and Video S3.3, 
when a cell interacts with a region smaller than the cell nucleus, significantly longer 
extensions are protruded.  These extensions can be hundreds of micrometers long.  
Interestingly, K20T cells, the taxol resistant derivative of MDA-MB-231 cells, are 
longer even without interface effects.  Furthermore, the cell length distribution data 
shown in Fig. 3.5b demonstrates the diversity of morphological states exhibited during 
the invasion process.   
 
These results suggest that mechanical barriers can cause cells to have a larger, more 
extended region of influence, which may facilitate nutrient-finding and homing 
towards the vasculature in conjunction with other mechanisms such as chemotaxis 
44
.  
Certain cell morphologies have been linked to more potent cancer phenotypes.  
Compressive forces in 2D experiments for instance lead to a “leader cell” phenotype 
that is elongated and spindle-shaped and leads neighboring cells in the invasion 
process 
9
.  Substrate stiffness and tensional forces can induce larger cell areas and 
activate integrin mediated signaling pathways that lead to more malignant phenotypes 
8
.  The sidewalls of the subnucleus barriers in the MUSIC device essentially impose 
compression in the form of normal forces onto the cell and its nucleus during invasion, 
and the induced cell elongation process likely causes higher tension along the cell.  
Subnucleus barrier confinements therefore may contribute towards driving metastatic 
phenotypes. 
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Fig. 3.5: Cell extension lengths.  a) The average cell extension length measured 
at a random point in time for MDA-MB-231 cells in the larger channel LC 
(53μm, n = 42 cells), while interacting with SNB10 (85μm, n = 50 cells), while 
interacting with SNB60 (95μm, n = 45 cells), and K20T cells in the LC (109μm, 
n = 35 cells).  Extension lengths are measured from the center of the cell body to 
the end of the longest extension.  The subnucleus barrier induces longer cell 
extensions and K20T cells also have longer cell extensions.   ** represents p < 
0.01 and *** represents p < 0.001 from ANOVA statistics.  b) Histograms and 
typical cell morphologies at each scenario.  The width of the larger channel is 
15μm.       
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3.3.6 Taxol resistant cells are more susceptible to asymmetric cell division during 
invasion   
K20T cells are taxol-resistant MDA-MB-231 cells selected as described in 
45
.  As 
shown in Fig. 3.6 and Video S3.4, K20T cells that divide while moving from left to 
right into the subnucleus barrier interface exhibit geometric asymmetry in its axis of 
division, with the daughter cell closer to the confinement region being 50% larger.  
This phenomenon is not as pronounced in control MDA-MB-231 cells or in K20T 
cells that divide in the symmetric straight region of the device.  Calculations of area 
ratios are determined by the following methodology: in symmetric large channel 
regions, the area ratio AR = Asmaller cell/Alarger cell; in the interface region, only cells 
moving from left to right into the interface are considered, and the area ratio is 
determined by AR = Aleft cell/Aright cell.  Asymmetric cell division has been linked to 
aneuploidy and genomic instability, which can potentially lead to accelerated and gain 
of function mutations 
46-48
.  Our results here could imply that the resistant cell line is 
intrinsically more ready to mutate and that geometric effects during invasion can have 
an impact on cell division, mutations, and directed evolution.  Further investigations 
into cell ploidy and phenotypic differences between cells that have divided 
asymmetrically will be necessary to investigate the connections between drug and 
taxane-resistance and tumor cell evolution during invasion.  Previous efforts in 2D 
protein micropatterning techniques have demonstrated that the axis of cell division and 
mitotic spindle positioning can be regulated by geometric constraints 
49, 50
.  However, 
connections between cell behavior (migration and division) in 2D geometric patterns 
and cancer progression and evolution due to invasion, inherently a 3D process, are 
unclear.  Confinement in 3D mechanically simulates tight physiological spaces 
relevant during invasion, and physiological cell division also usually occurs in 3D, so 
a transition from 2D engineered patterns to 3D engineered patterns can reveal insights 
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of dimensionality on cell division mechanics.  Additionally, the probability of a cell 
dividing at any given region of fixed length should be higher if there is a mechanical 
barrier there because the cell spends more time in that region due to the transition 
dynamics described earlier.  Therefore, understanding cell division effects caused by 
different mechanical barriers during invasion may provide insights towards potential 
driving elements of cell evolution.  This is particularly interesting for cancer cells 
since they are notorious for their ability to acquire new abilities 
4
 and they typically do 
not exhibit contact inhibition 
51, 52
, so their cell cycle is likely not influenced by 
external elements such as mechanical confinement.  We note here that the throughput 
of these experiments in this design of the MUSIC device is lower in comparison to the 
invasion studies since only a fraction of the invading cells will divide at the SNB 
interface.  A next generation device design incorporating more frequent SNBs can 
increase experimental throughput by increasing the probability that a cell is positioned 
in a geometrically asymmetric location during division.         
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3.4 Conclusion 
There are many instances when cells exhibit modulation from their environment.  
Sometimes the external stimulation exists as chemical cues as in chemotaxis, and 
sometimes it is presented as mechanical cues, such as during contact inhibition or 
durotaxis 
44, 52-54
.  Often times the signal is both physical and chemical, as in cell-cell 
                                                        
             
 
 
Fig. 3.6: Cell division asymmetry.  MDA-MB-231 cells tend to divide 
symmetrically both in the larger channel LC and at the barrier interface.  
K20T cells, however, tend to divide asymmetrically at the subnucleus barrier 
interface.  The daughter cell closer to the barrier is larger.  AR = area ratio 
between daughter cells.  In the symmetric larger channel LC, AR = smaller 
cell/larger cell.  At the interface, AR = left cell/right cell, and only cells 
dividing while invading from left to right into the SNB are taken into 
account.  The area ratios measured are (mean = 0.91, median = 0.92, n = 19) 
for MDA-MB-231 in LC, (mean = 0.97, median = 0.96, n = 17) for MDA-
MB-231 at SNB interface, (mean = 0.85, median = 0.94, n = 17) for K20T in 
LC, and (mean = 0.67, median = 0.63, n = 7) for K20T at SNB interface.  *** 
indicates p < 0.001 from ANOVA statistics.  Error bars are s.e.m.  The width 
of the larger channel is 15μm.      
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or cell-ECM interactions 
8, 54-56
.  Here we presented a different form of mechanical 
modulation – modulation in the confinement dimensions of invading cells.  This is of 
particular interest towards cancer progression and metastasis because tumor growth 
can lead to increased confinement sensed by the cells and cell invasion can involve 
permeation across tight spaces, from tumor stroma to basement membranes to 
endothelial junctions 
1, 2, 9
.  We have created a platform – serial dimensional 
modulation at the subnucleus length scale – and device (MUSIC) that enable new 
phenomenological events associated with mechanical cell invasion and boundary 
effects to be elucidated and quantified.  We focused on higher order invasion 
dynamics, morphologies, division, and pharmacologic effects and thus have 
demonstrated the details and wide range of biological phenomena on the single-cell 
scale that can be interrogated with our approach.  Our analysis revealed some 
important characteristics, such as elongated morphologies, cell division asymmetry, 
and super-diffusivity, that suggest potential mechanical elements during invasion that 
can drive cancer metastasis and progression.  Our previous work 
30
 has also shown that 
more subtle geometric effects such as barrier angles could impact invasion behavior 
and that cancer cells of different metastatic grades exhibit differential invasion 
capacities across mechanical barriers.  Further studies using the MUSIC device for 
different cancer cell lines with different external chemotactic inputs can help elicit and 
establish characteristic behavioral signatures of mechanical invasion and identify 
modulation effects from chemokines.   Therefore, our platform has potential 
applications in uncovering subtle properties of cell invasion, drug screening, and 
discovering mechanical biomarkers.  The portable and versatile lab-on-a-chip form-
factor of and the label free properties measureable by our technique also facilitate 
implementation in clinical and commercial settings.  
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3.5 Methods 
3.5.1 Cell culture and reagents 
MDA-MB-231 cells were obtained from the NCI PS-OC and the ATCC.  They were 
cultured in Leibovitz L-15 media (Life Technologies) supplemented with 10% fetal 
bovine serum (Atlanta Biologicals) and 1% Penicillin-Streptavidin (Life 
Technologies).  K20T cells were obtained from the Giannakakou lab at Weill Cornell 
Medical College.  They are a taxol-resistant derivative of MDA-MB-231 cells 
45
.  
They were cultured in L-15 media supplemented with 10% fetal bovine serum, 1% 
Penicillin-Streptavidin, and 15nM paclitaxel (taxol) (Cytoskeleton, Inc).  All cells 
were incubated at 37
o
 C without supplemented CO2.   
 
3.5.2 Device Fabrication 
Device masters were fabricated at the Cornell Nanofabrication Facility (CNF).  
Standard stepper photolithography was used on SU8 resist on a silicon substrate 
followed by PDMS-soft lithography, similarly described in 
30
.  Briefly, SU8 was spun 
onto a Si wafer, exposed to UV with a stepper under a patterned photomask, and 
developed to create patterned master substrates.  PDMS was then molded over the 
master and crosslinked to create microchannels.  The channels were bonded to glass 
slides to create microfluidic devices. 
 
3.5.3 Experiments and Analysis 
Cells were loaded into the inlet reservoir regions at the ends of the microchannels and 
allowed to spontaneously migrate into the three-dimensionally confined channels.  
Devices with cells were incubated as in regular cell culture as described above.   
Timelapse experiments were performed once the cells were in the channels.  For each 
experiment, devices were placed on top of a heating plate maintained at 37
o
C.  Typical 
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durations for timelapse experiments were around 1-2 days at a temporal resolution of 
3.4 minutes.  Cell tracking and measurements were performed by manual tracing via 
ImageJ.  Data processing and analysis were performed via custom programs on 
MATLAB.  The height of the microchannels used for all experiments with quantitative 
analysis was 10μm.  5μm high channels were used in Fig. 3.2a and 3.3 only for 
demonstrative purposes and qualitative presentation.  The reason was that mechanical 
features were very clear for 5μm high channels, but the experimental throughput was 
low because many cells did not permeate subnucleus barriers that were 5μm high.  For 
statistical analysis, the Chi-squared test was used for probability measurements, and 
ANOVA statistics were used for all other measurements, unless otherwise specified.  
Error bars are standard error of the mean (s.e.m.).  Standard DAPI staining was used 
for fluorescence imaging in Fig. 3.S1.  For cell viability in these devices, we found in 
a typical timelapse experiment of ~23hrs that less than 10% (5 out of 54) of the cells 
died while occupying the experimental field of view.  
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3.7 Supplementary Information (SI) 
Fig. S3.1: Two fixed MDA-MB-231 cells with nuclei counterstained with DAPI in the 
MUSIC device (fluorescence with brightfield illumination).  The morphology and 
deformation of the cell nuclei in the larger channel and during invasion across the 
subnucleus barrier are demonstrated.  The width of the larger channel is 15µm.     
 
Video S3.1: A sample experiment showing cell invasion in the MUSIC device.  The 
video frame rate is 10000x real-time. 
 
Video S3.2: A taxol-treated cell fails to invade across the subnucleus barrier.  The 
video frame rate is 10000x real-time. 
 
Video S3.3: As the cell invades across the subnucleus barrier, long extensions are 
protruded.  The video frame rate is 10000x real-time. 
 
Video S3.4: A K20T cell divides asymmetrically at the subnucleus barrier interface.  
The daughter cells have unequal projected areas.  The video frame rate is 10000x real-
time. 
 
  
                                                        
              
Fig. S3.1: Two fixed MDA-MB-231 cells with nuclei counterstained with 
DAPI in the MUSIC device (fluorescence with brightfield illumination).  The 
morphology and deformation of the cell nuclei in the larger channel and 
during invasion across the subnucleus barrier are demonstrated.  The width of 
the larger channel is 15µm.     
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Reproduced by permission of Michael Mak and David Erickson, “A Serial Microfluidic Micropipette 
Device with Applications to Cancer Cell Repeated Deformation Studies” (2013).  
CHAPTER 4 
 
A SERIAL MICROPIPETTE MICROFLUIDIC DEVICE WITH 
APPLICATIONS TO CANCER CELL REPEATED DEFORMATION 
STUDIES 
  
4.1 Abstract 
Cells are complex viscoelastic materials that are frequently in deformed 
morphological states, particularly during the cancer invasion process.  The ability to 
study cell mechanical deformability in an accessible way can be enabling in many 
areas of research where biomechanics is important, from cancer metastasis to immune 
response to stem cell differentiation.  Furthermore, phenomena in biology are 
frequently exhibited in high multiplicity.  For instance, during metastasis, cells 
undergoing non-proteolytic invasion squeeze through a multitude of physiological 
barriers, including many small pores in the dense extracellular matrix (ECM) of the 
tumor stroma.  Therefore, it is important to perform multiple measurements of the 
same property even for the same cell in order to fully appreciate its dynamics and 
variability, especially in the high recurrence regime.  We have created a simple and 
minimalistic micropipette system with automated operational procedures that can 
sample the deformation and relaxation dynamics of single-cells serially and in a 
parallel manner.  We demonstrated its ability to elucidate the impact of an initial cell 
deformation event on subsequent deformations for untreated and Paclitaxel treated 
MDA-MB-231 metastatic breast cancer cells, and we examined contributions from the 
cell nucleus during whole-cell micropipette experiments.  Finally we developed an 
empirical model that characterizes the serial factor, which describes the reduction in 
cost for cell deformations across sequential constrictions.  We performed experiments 
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using spatial, temporal, and force scales that match physiological and biomechanical 
processes, thus potentially enabling a qualitatively more pertinent representation of the 
functional attributes of cell deformability.   
 
4.2 Introduction 
Cell mechanics is an emerging field that is becoming more relevant in many different 
areas in biology, from cancer to hematology to stem cell biology.  Many specialized 
techniques, including atomic force microscopy (AFM), micropipette aspiration 
(MPA), optical tweezers, and magnetic twisting cytometry, have been developed or 
tailored to enable researchers to study the mechanical properties of cells 
1
.  One 
particular property – deformability – has become increasingly popular, as cell 
deformations have important functional roles in a broad spectrum of biological 
phenomena.  As an important example, cancer metastasis involves a series of 
mechanical events at the single-cell level.  In order to invade to distal sites, aggressive 
cells must be able to squeeze across small spaces in the extracellular matrix (ECM) of 
the tumor stroma and endothelial barrier and circulate and traffic through microvessels 
smaller than the size of the cell 
2-4
.  Under such confined microenvironments, these 
cells must acquire deformed morphologies.  There have been many studies on cell 
deformability, with techniques ranging from more conventional AFM 
5, 6
 and MPA 
7
 
to more recent microfluidic systems with active (optical forces, hydrodynamic inertial 
focusing) 
8-10
 and passive (microconstrictions) 
11-13
 deformation actuators.  In 
particular, we are interested in deformations in the most extreme form observed in 
physiological systems – deformations at the subnucleus scale.  This is important 
because such large deformations with strained and elongated nuclei, which are not 
fully understood from current approaches, are often observed in cell invasion through 
the ECM, across endothelial junctions, and in microcirculation from various cell-in-
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gel and animal metastasis models as well as in histological slides of tumor slices 
4, 14-
18
.  These events in the metastatic process suggest that cell deformability is an 
important property in the context of cancer.      
 
Recent work using microfluidic techniques has shown that deformability may be 
correlated with disease states in cells, metastatic potential, and stem cell differentiation 
8, 10, 13
.  Deformability in these cases is often measured by the aspect ratio of a cell 
under a fixed stress, such that more deformable cells exhibit a higher aspect ratio.  
Another common metric is the amount of time it takes a cell to flow through a 
microconstriction under pressure.  While these metrics are simple in nature, they 
nonetheless are proving to have clinical implications 
10
.  Additionally, these assays are 
typically high throughput and automated, requiring minimal manual operations, during 
measurements, which offer appeal towards clinical applications. 
 
A key disadvantage of these high throughput microfluidic assays is that the 
information content is typically simplistic and does not fully appreciate the complexity 
of a biological phenomenon.  In particular, the mechanical properties of cells are 
intrinsically complex in nature and heterogeneous.  Not only does heterogeneity exist 
between different components of the cell, such as the cytoplasm, cytoskeleton, and 
nucleus, but heterogeneity exists even within the cytoskeletal and nucleoskeletal 
networks.  Additionally, the cytoskeleton and nucleoskeleton are viscoelastic and their 
response under stress is dynamic 
7, 19
.  These dynamics have rich mathematical 
representations 
7, 20
, and the structural subcellular components, such as actin and 
intermediate filament networks, also have complex and dynamic behaviors when 
perturbed 
21, 22
.  As a result, a simple one-shot measurement of each cell (i.e. aspect 
ratio under asymmetric stress or average transit time across a barrier), while offering 
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an appealing and simple assay, is a reductionist characterization of biological cells.  
Fundamental properties, such as creep strain dynamics, that are pertinent to the 
deformability of viscoelastic materials are difficult to measure with such techniques.  
As such, conventional, high resolution and more comprehensive measurements from 
traditional techniques such as AFM and MPA offer more detailed information about 
the state and fundamental properties of individual cells. 
 
Micropipette aspiration and atomic force microscopy have been used to elucidate more 
complex phenomena associated with the mechanical properties of cells and nuclei.  
For instance, micropipette studies were able to produce high resolution data that 
revealed and enabled the development of mathematical models of the viscoelasticity of 
different cell types, which as an example characterized the distinction between solid 
like cells (endothelial cells) and liquid like cells (neutrophils) 
7
.  Additionally, MPA of 
isolated cell nuclei identified the contributions of different subnucleus structures on 
force bearing properties under different conditions (swollen and unswollen nuclei) and 
further revealed that the creep compliance of the nucleus follows a power-law 
temporal dependence over time scales from 0.1 to 1000 seconds 
19
.  AFM studies have 
also been critical in revealing local cell stiffness as well as cell forces and stress under 
compression and extension 
6, 23
.    
 
In these existing methods, there is a tradeoff between 1) experimental simplicity and 
automation and 2) the complexity of the measurable properties.  More complex 
material properties such as cell strain dynamics during deformation and relaxation 
require more complicated procedures that are practicable typically only in labor 
intensive and bulky apparatuses (MPA and AFM) 
5-7
, while more automated systems 
such as microfluidic constriction assays, optical stretchers, and inertial focusing 
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methods 
8-12
 produce static and reductionist measurements and are currently limited to 
simple experimental procedures.  The incorporation of more functionality in 
microfluidic assays often requires more manual labor or additional components such 
as robotic actuators for image-assisted flow modulation, thus reducing their 
automation or adding to their already bulky systems that require external pressure 
pumps and optical components (e.g. high power lasers).  These tradeoffs limit the 
adoptability of the mentioned techniques and thus the practicability of the field of cell 
biomechanics to select experts in select settings.  Mechanical properties such as cell 
deformability and viscoelasticity, however, are critical and complementary to many 
areas in cell biology, with implications in cancer metastasis, immune cell responses, 
tissue homeostasis, blood diseases, and stem cell differentiation 
23-31
.  Therefore there 
is a need for multifunctional, procedurally adept, and automated systems that require 
minimal labor and components in order to promote accessibility and technology 
adoption.     
 
To address this need, to eliminate the tradeoff, and to simplify labor for complex 
experimental procedures – we considered several factors.  In order to fully appreciate 
the biomechanical properties of cells but in a high throughput and automated manner, 
it is necessary to develop a scalable microfluidic design that incorporates scale 
matching in important experimental parameters, such as spatial, temporal, and force 
properties.  Not only is it important for feature sizes of the device to be on the order of 
the cell and nucleus size, but the time scale of measurements should match 
biomechanical time scales as in strain and relaxation events.  It may also be important 
for externally applied forces onto cells to be comparable in magnitude to those present 
in biological systems in order to appreciate physiological responses, as in migration 
and invasion driven by cell generated forces.  For instance, if the flow rate used in 
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microfluidic techniques is too high, which is typically the case in previous studies 
aimed at high throughput operations, relaxation dynamics cannot be studied and 
appreciated since they are slower.  If the flow rate is too low, experiments would be 
impractical as cells would not deform sufficiently.  Additionally, in vivo flow 
velocities are on the order of 0.5µm/s and tumor interstitial pressures are around 
1000pa 
32, 33
.  By performing time-scale matching, we can appreciate the properties 
conferred upon the cell by the coupling of relaxation and deformation dynamics.  This 
is particularly interesting in the context of cancer metastasis, in which cells undergo 
frequent squeezing and recovery events during and after invasion across highly 
confined physiological spaces (e.g. constricted gaps in the ECM, endothelial junctions, 
microvessels) 
4, 14, 34-36
.  Furthermore, while typical experiments especially in 
microfluidics can sample many cells, individual cells are usually sampled only once.  
Because each cell is a highly complex system, a single sample per cell may not 
provide details about the diversity of and dynamics associated with the responses of a 
single cell.  Thus, such data, while high throughput, are limited by their inability to 
distinguish the variability between different cells in a population and the variability of 
a property within an individual cell. 
 
The device we present here is a parallel array of serial micropipettes capable of 
performing both deformation and relaxation measurements of individual cancer cells.  
Each cell is sampled multiple times for the assessment of consequential effects, which 
enables us to answer questions such as 1) how does one deformation event impact 
subsequent deformation events and 2) what are the key dynamics that govern serial 
deformations?  Addressing these questions is important because it offers a more 
comprehensive assessment of a complex cell mechanical property (deformability) over 
a one-shot measurement (e.g. the aspect ratio of a cell under a fixed stress).  This is 
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also important for physiological relevance because, for instance, during the metastatic 
cascade, cells typically undergo a multitude of deformation events, from active 
invasion across confined spaces of the ECM in the tumor stroma to circulation across 
small blood and lymphatic vessels.  Cancer cells therefore undergo constant 
deformations.  Because cells are viscoelastic, their deformability is impacted by their 
conformational states conferred from their previous deformation events.  However, the 
dynamics of serial deformations are unclear, and our device enables these dynamics to 
be elucidated.  By understanding if and how a cell is conditioned by deformations in 
subsequent events, we can begin to gain potential insights toward the mechanical 
elements that govern cancer metastasis.  
 
For our experiments, we used the MDA-MB-231 cell line, which model highly 
metastatic breast adenocarcinoma.  Their metastatic nature and previous studies 
8, 37, 38
 
indicate that their deformation dynamics are of particular interest.  Our results 
demonstrate several key findings.  An initial deformation event facilitates subsequent 
serial deformations of the same cell, and this mechanical conditioning is dependent on 
the initial and remaining strain on the cell.  The strain dynamics during deformation 
are dependent on both the viscoelastic cell body and nucleus.  These experiments were 
performed in a simple microfluidic design with an automated experimentation scheme, 
which increases the capacity of practicable experiments and provides an instantly 
enabling technology to any basic biology lab setting in a small self-reliant form factor 
requiring no external equipment or micromanagement.     
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Figure 4.1: Schematic of device and operations.  a) The user simply pipettes the sample 
of interest into the inlet reservoir (left) and gravity drives the flow, enabling the device to 
operate without any external pressure actuators.  Cells are automatically driven to the 
micropipette constrictions (inset).  b) After sample loading, the multi-step serial cell 
deformation experiments are performed automatically with no manual input required.  5 
main steps are performed in an automated manner: i) multiple cells flow through the 
channels and into the constriction region, ii) cell 1 enters the constriction and clogs the 
flow as it undergoes deformation under a fixed pressure gradient, iii) cell 1 fully transits 
across the barrier and cell 2 subsequently clogs the flow, enabling iv) cell 1 to relax 
towards equilibrium at a fixed position, v) cell 2 fully transits across the barrier and cell 1 
clogs the flow at the next constriction, allowing cell 2 to relax at a fixed position while 
cell 1 undergoes a secondary deformation.  The width of the larger channel region is 
15µm, the width of the smaller channel (constriction) region is 3.3µm, and two different 
lengths are incorporated at the constrictions (10µm and 60µm), as shown in Figure 4.1a 
inset.  The height of the channels is a constant 10µm. 
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4.3 Results and Discussion 
4.3.1 Device design and operations 
The device consists of parallel microchannels.  Each channel contains a series of 
microconstrictions to serve as a serial micropipette capable of deforming objects 
multiple times via pressure driven flow.  The larger region of the channel has a width 
of 15μm, which is on the order of the size of a cell.  The smaller constriction region is 
3.3μm, which is smaller than the cell nucleus, thus ensuring that the cell undergoes a 
substantial deformation that samples a key organelle in the cell that often limits cell 
squeezing in physiological landscapes due to its size and stiffness.  Additionally, two 
different lengths of the constriction region are incorporated, one that is 10µm-long 
(shorter than a typical cell) and one that is 60µm-long (longer than a typical cell), 
mimicking short physiological barriers such as ECM-pores and long physiological 
barriers such as microvessels, respectively (Figure 4.1a inset).  A pressure gradient is 
induced on-chip across each channel by applying a difference in liquid height between 
the inlet and the outlet of the device.  This enables device operation without external 
pressure sources.  For the experiments here, we applied a pressure gradient of around 
400pa, which is comparable to interstitial pressures in tumors 
33
.  Our device design 
and operations facilitate more conventional micropipette studies than existing 
microfluidic constriction or deformation schemes, enabling multifaceted studies in an 
automated manner as shown in Figure 4.1 and described in the following:    
 
Strain rate at fixed pressure: Cells that enter the constriction region essentially clog 
the flow, inducing in that channel zero volumetric flow rate and infinite hydrodynamic 
resistance 
39
, so the pressure drop (400pa) across the channel is entirely across the cell.  
In considering the cross-sectional area of the channel and thus the area of the cell that 
the pressure is acting on, this translates into an applied force across the cell of around 
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60nN, which is on the scale of the forces that an individual cell generates 
40-42
.  
Timelapse microscopy enables the tracking of the cell strain over time under this fixed 
pressure.  In our experiments, since each cell flows in one direction (longitudinal) and 
is stretched along that direction, the strain J that we measure is defined to be the length 
that the cell is stretched from its equilibrium ΔL divided by its equilibrium length L0 
as measured by the cell length in the larger channel before reaching the constriction.  
This is the definition used throughout this paper and is consistent with conventional 
micropipette studies 
7, 19
.      
 
Release and relaxation after an initial strain: After an initial strain is applied to the 
cell during constriction transit, cell relaxation dynamics can be assessed.  This is 
accomplished in an automated manner in this device as subsequent cells will plug the 
constrictions as they undergo transits, stopping the flow, and enabling the previously 
deformed cell to relax at a fixed position for tracking. 
 
Tracking serial cell deformations: Every micropipette channel is designed with 
multiple constrictions in series to enable the multiple sampling of each transiting cell.  
This is important because each cell is dynamic and heterogeneous, and a static 
measurement of a cell property does not provide insights into its full capacity.  The 
serial design induces cells to necessarily transit across multiple barriers to probe 
dynamic effects.  However, even at relatively low pressures, subsequent transit times 
can be fast due to a mismatch in the relaxation rates and flow speeds (the cell is still in 
a highly deformed state in subsequent transits), thus masking the dynamic regime in 
the behavior of serial deformations.  With our device, because each serial micropipette 
consists of a single channel, intermittent flow pauses are automatically generated as 
multiple cells are transiting across the same micropipette channel, as shown in Figure 
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4.1 and SI video 4.1, thus enabling cells to relax back towards its initial conformation 
before the next deformation event.  This enables us to probe into the dynamics that 
govern multiple cell deformations and cell mechanical properties that result from the 
coupling between relaxation and deformation. 
 
4.3.2 Repeated Cell Transits and Taxol Treatment 
Using the procedure demonstrated previously, we measured the transit times of the 
same cell across 5 sequential constrictions.  Here, we considered situations in which 
only one cell was present in the serial micropipette channel, so cell 2 from Figure 4.1 
was not present, and we examined experiments from the 10µm-long constriction 
design.  Because cell 2 was not present, cell relaxation between constrictions is 
typically less than 1 second.  We investigated the serial deformations of both untreated 
cells and cells treated with 10µM Paclitaxel (taxol), a chemotherapeutic drug that 
stabilizes microtubules and inhibits cell division 
43-45
, for 1 day.  As shown in Figure 
4.2a, the transit times across constrictions decrease after the first transit.  The transit 
time across the first constriction is larger for taxol treated cells, which we may expect 
as the size of these cells is significantly larger than untreated cells (Figure 4.2a inset) 
due to mitotic inhibition.  Here, the size is defined by the length of the cells in the 
microchannel, since the cell width generally fills the channel width.  As the cells 
transit across subsequent barriers, however, the transit times collapse between the two 
cell groups, demonstrating that once the cells are under sufficient deformation, cell 
size becomes less important in determining transit times.  Interestingly, we also found 
that cell permeation across constrictions is further facilitated after the second transit, 
as illustrated in Figure 4.2b.  For each cell, we normalized the transit times across the 
third, fourth, and fifth constrictions to the transit time across the second constriction of 
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the same cell, and our results show that cells can transit across the later constrictions 
more quickly.   
                                                                                                     
Figure 4.2: Cell permeation across sequential micropipette constrictions and the effects of 
taxol treatment.  a) Individual untreated and taxol treated cells were driven via pressure 
driven flow to permeate across sequential subnucleus-scaled constrictions.  Taxol treated 
cells are larger (length = 31 ± 2µm, n = 26) (inset) and require a longer transit time across 
the first constriction (550 ± 109s, n = 26) than untreated cells (length = 22 ± 0.9µm, n = 36; 
transit time 1 = 254 ± 59s,  n = 34).  For both cell groups, the initial transit requires the 
longest time.  Subsequent transits are faster and the difference between the two cell groups 
is reduced.  The number of cells n examined in subsequent transit events ranged from 20 to 
40.  * denotes p < 0.01.  b) The transit times across the third, fourth, and fifth constrictions 
are normalized by the transit time across the second constriction of the same cell.  Transit 
times are further reduced at subsequent constrictions after the second permeation.  * 
denotes p < 0.01 when compared to unity.  Error bars are s.e.m.         
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These findings suggest that cells that undergo perpetual deformations exhibit less 
difficulty in permeating across highly confining subnucleus-scaled mechanical 
barriers.  Since aggressive cancer cells are constantly undergoing deformations, 
particularly across dense ECM networks with subnucleus-scaled pore sizes, it may be 
easier for them to invade than more static cells.  In nutrient-deprived regions, as in 
locations where large tumors are forming, energetic efficiency may be important in 
tumor activity, and invasion becomes more efficient for more aggressively invasive 
cells.  Additionally, we showed that taxol treatment, which is a common therapeutic 
for metastatic breast cancer, increases the size of the cell and the initial transit time.  
Once the cell is conditioned after the initial deformation event, the relative difference 
in cell transit times becomes less distinguishable, suggesting that for aggressive cells, 
size may not be critical in the cost of invasion.  Taxol, however, also reduces 
directionally polarized migratory behavior 
46, 47
, which makes persistent invasion 
across confined barriers more difficult.  This suggests that anti-invasion properties of 
taxol 
46, 48
 may result from a synergy of cell size increase and decreased directional 
persistence in migration, which would decrease the probability of occurrence of the 
initial deformation event and thus inhibit subsequent easier invasions.  Taxol treatment 
for 1 day also has the impact of increasing the size of cell nuclei (SI Figure 4.1), as 
cells fail to divide during cytokinesis.  Since the nucleus, due to its size and stiffness, 
is mechanically the most obstructive intracellular component during invasion 
4
, its size 
increase likely also plays an important role in impeding the initial deformation event.  
Finally, since microtubule disruption and taxol are known not to have a significant 
impact on the rigidity of cells 
49-52
, our results show that passive anti-invasive effects 
of taxol are most likely caused by the increase in cell and nucleus size.    
 
4.3.3 The Strain Dynamics of Serial Deformations 
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Next we examined the serial deformation dynamics of cells in which cell 2 in the 
configuration in Figure 4.1 was present.  This allowed for more substantial cell 
relaxation over longer durations, on average over 3 minutes as shown in SI Figure 4.2, 
between subsequent deformations.  The results for the remainder of this paper will be 
based on this coupled-cell configuration in order to better appreciate both deformation 
and relaxation dynamics.  In the previous section we considered short recovery times 
during which cells remained in highly deformed states after the first transit and here 
we considered substantially longer recovery times during which many cells recovered 
their equilibrium shapes.  Thus our study covers a large range in the spectrum of 
recovery times and relaxation states that may occur in vivo.     
 
Our experiments show that even after prolonged relaxation, an initial deformation 
event facilitates subsequent deformations, as demonstrated in Figure 4.3a.  The initial 
deformation requires the longest time, and the strain vs. time curve displays several 
phases.  Here, strain refers exclusively to the strain of each cell along the long axis of 
the channel, i.e. the length that the cell is stretched from equilibrium divided by the 
cell’s equilibrium length.  With respect to the strain rate of the cell, the three main 
phases identifiable are 1) the initial shortest and fastest phase followed by 2) a longer, 
stagnant phase then followed by 3) a moderately fast phase.  Deformations across 
subsequent barriers have reduced or eliminated phases 2 and 3, enabling the cell to 
deform and transit across the barrier more easily.    
 
To better gauge the nature of these phases, we stained the nuclei of live cells and 
performed simultaneous phase contrast and fluorescence imaging to distinguish 
relative contributions from the cell body (i.e. primarily the cytoskeleton) and the 
largest and stiffest organelle, the cell nucleus.  Figure 4.3b and SI video 4.2 show the 
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kymograph and video, respectively, of a typical cell transit event, and the transit 
phases are now more apparent.  The first phase is when part of the cell can easily 
deform into the constriction, likely due to a simple force balance between the applied 
pressure and the initial elastic response of the cell 
53, 54
.  This can be seen from the 
rapid increase in the longitudinal boundaries of the cell, outlined in red in the 
kymograph, at the very beginning under the label “1.”  Phase 2 is when the nucleus is 
obstructed and its stiffness is too high to transit further into the constriction, as 
demonstrated by the nucleus being stuck at the constriction interface.  However, a 
slow creep from its viscoelastic nature enables gradual permeation.  This creep 
deformation can be interpreted from the increase in the length of the boundaries of the 
nucleus, represented by the blue outline, in the kymograph.  Phase 3 is when the 
nucleus has deformed entirely into the constriction, leaving the remaining (less 
obstructive) portion of the cell to deform more quickly into the constriction.  The cell 
body and nucleus are now highly deformed and the longitudinal boundaries are 
substantially longer than initially.  We note here that phase 3 in the initial transit is 
much longer than the entirety of the transit period of the subsequent transits shown in 
Figure 4.3a.  This shows that while the nucleus appears to be the most obstructive 
element in cell transit, the serial deformation effect is a reflection of the conditioning 
of both the nucleus and the cytoskeleton.  Once the cell is conditioned, its subsequent 
transit dynamics have an altered behavior that is faster than both phase 2 and phase 3.  
Figure 4.3c shows the kymograph of the same cell as in Figure 4.3b deforming across 
a second barrier.  The strain dynamics of the whole cell as well as that of the nucleus 
are altered; there is no nucleus obstruction phase and the cell transits through the 
entire constriction much more quickly.  Figure 4.3d shows a representative spatial 
slice from which the kymographs were taken.  
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Figure 4.3: Serial deformation dynamics.  a) The same MDA-MB-231 cell is deformed across 
multiple microconstrictions (3.3μm x 10μm x 60μm) in series in the serial micropipette device.  
Subsequent transits are faster and display altered strain dynamics.  The cell is allowed to relax before 
subsequent deformations, as described in the text, and the extent of their relaxed state right before the 
next deformation event is displayed in the corresponding pictures (on the label).  In the first transit, 
multiple phases are exhibited in the strain dynamics- an initial rapid phase, followed by a stagnant 
phase, and a moderate rate final phase.  b) More details about the strain dynamics of the first transit 
are elucidated when considering the transit dynamics of the cell nucleus, as shown here with a live 
nucleus stain.  The image is a kymograph along the center of the micropipette constriction 
(longitudinal axis vs. time).  Simultaneous phase contrast and fluorescence imaging help display the 
cell boundaries, the nucleus, and the constriction.  This enables a more comprehensive consideration 
of the contributing elements in the phases of cell deformation dynamics.  As shown, phase 1 is the 
initial cell response to a fixed stress from the external pressure, phase 2 is when the stiff cell nucleus is 
obstructed at the entry of the constriction due to insufficient pressure but viscoelastic creep enables 
slow permeation, and during phase 3 the nucleus has sufficiently deformed (partially) into the 
constriction leading to an increase in subsequent strain rate.  c) The subsequent transit for the same 
cell as in b) displays a faster strain rate without prolonged nucleus obstruction at the constriction 
interface.  Both the cell boundaries and the nucleus deform into the constriction more quickly.  d) A 
representative image illustrating the slice, indicated by the red line, where the kymographs were taken.  
For scale reference, the length of the constriction is 60μm. 
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It is noteworthy here that under a fixed cell-scaled force of 60nN (via 400pa of applied 
pressure completely dropped across the cell at the constriction), the cells examined in 
our experiments deformed and transited completely across the constriction within a 
matter of minutes (4.2 ± 0.5 and 7.3 ± 2 minutes for the first and thus longest 
deformation event through 10µm-long and 60µm-long constrictions, respectively).  
The times were even shorter for subsequent transits.  This translates into comparable 
cell migration velocities in 3D gel studies 
55, 56
, suggesting that simple creep strain 
dynamics under consistent force loads could play a basic role in cell invasion across 
subcellular-scaled confinements.  For instance, even if an applied force from the cell is 
not sufficient to enable it to squeeze across a constriction instantaneously, the cell 
simply needs to wait while consistently applying a forward force, e.g. through actin 
polymerization, and viscoelastic creep will confer the cell a sufficiently deformed state 
to pass through the constriction.  Thus, cell invasion may characteristically exhibit the 
coupling between both active (force generation) and passive (creep strain) processes.  
It is also notable that the phases observed here in the strain dynamics of flowing cells 
have qualitative similarities to the phases observed when cells are actively migrating 
across subnucleus-scaled barriers 
4, 37, 46
.               
 
4.3.4 The Serial Factor 
To assess and appreciate the impact of repeated deformations on cells, we need a way 
to measure a factor, which we will now call the “serial factor” SF, that quantifies the 
relative degree of difficulty for a cell to transit across constrictions after it squeezes 
across an initial constriction.  A good candidate for SF is the ratio of the transit times 
SF = ts/ti, where ti is transit time across the first constriction and ts is the transit time 
across a subsequent constriction.   
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First, our results show in Figure 4.4 that the average SF is larger for serial transits 
across shorter constrictions.  The average SF is 0.40 ± 0.04 (n = 20) and 0.20 ± 0.05 (n 
= 13) for 10µm-long serial constrictions and 60µm-long serial constrictions, 
respectively, where n is the number of single-cell serial transit events.  We note here 
that in this data, the strains on the cells before subsequent transits for the 10µm-long 
and 60µm-long serial micropipette experiments are 0.24 ± 0.03 (n = 20) and 0.25 ± 
0.05 (n = 13), respectively, and they are not statistically different.  This indicates that 
longer constrictions, which induce larger overall deformations on the cell, facilitate 
subsequent deformations to a larger degree, even after the cell is allowed to relax back 
towards equilibrium. 
                     
Figure 4.4:  The serial factor vs. constriction length.  Shorter constrictions (10µm) 
that only span a fraction of the total cell length exhibit a longer normalized transit 
time in subsequent constrictions (ts/ti = 0.40 ± 0.04, n = 20) than longer 
constrictions (60µm) that span most if not the entire deformed cell length (ts/ti = 
0.20 ± 0.05, n = 13).  The serial factor is thus larger for cells experiencing larger 
initial strains.  Error bars represent standard error of the mean, and * indicates p < 
0.01.    
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Next, we were interested in measuring SF as a function of the conformation of the cell 
after deformation in order to gauge how the shape or morphology of a previously 
deformed cell translates into its ability to deform across a subsequent constriction.  
Therefore, since we were conducting deformation and relaxation experiments on these 
cells, we were interested in the function SF(Jr), where Jr is the remaining strain on an 
initially deformed cell after it is given time to relax towards equilibrium.  To derive 
this function, we considered previous micropipette studies that empirically 
characterized cells to exhibit a power-law creep under a fixed applied pressure, such 
that the creep strain is J(t) = At
α
, where A is a constant scaling prefactor, t is the time 
the cell is under the applied pressure, and α is the power-law scaling exponent.  We 
note that this simple power-law relation does break down over the entirety of the cell 
and may be impacted by our simultaneous sampling of the nucleus and the 
cytoskeleton with subnucleus-scaled constrictions 
19, 53
.  However, for simplicity and 
in order to derive an empirical effective model, here we adopted the power-law 
approximation.  Next we also assumed that A remains constant for the same cell under 
serial deformations such that all changes in cell strain behavior are then attributed to α, 
which helps simplify our effective model.  For our experiments, since most of the time 
the cell spends transiting across the barrier is time spent for the strain to increase until 
the cell reaches a conformation (i.e. when the cell is thin enough) that enables the cell 
to flow easily and rapidly through the constriction, we approximated ti and ts to be 
effectively the time when the cell strain is increasing under a constant applied pressure 
gradient.  From this we derived SF as follows: 
 
Since serial deformations are easier, the power-law scaling factor α is altered in 
subsequent deformations in comparison to the initial, such that there are two different 
strain dynamics relations: 
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                                                                     (4.1a) 
        
                                                                     (4.1b) 
where the indices 1 and 2 correspond to initial and subsequent strains, respectively.  
From this, we obtain: 
 
             
                                                            (4.2a) 
                     
                                         (4.2b) 
             
                                                           (4.2c) 
where Ji is the total strain from the initial deformation (1
st
 transit), Js is the total strain 
in a subsequent deformation (the following serial transits), Jr is the remaining strain on 
the cell after relaxation and before the next deformation event, and tr is the virtual time 
that it would require the cell to strain from 0 to Jr.  The total strains on the cells are the 
same for each transit since they are deforming across identical subsequent 
constrictions so Ji equals Js and it follows that: 
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which gives an analytical form of SF.  Next, we impose the condition that as the cell is 
allowed to relax completely to its equilibrium state after deformation, α2 would 
recover to α1: 
 
                                                                    (4.4) 
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where C is a scaling coefficient and F is the normalized relaxation function that decays 
from 1 to 0 when the cell fully recovers (when Jr/Ji = 0).  From the data, SF decays 
sharply initially and then plateaus near 0, so therefore we choose a simple function 
that displays that form: 
 
     
 
  
                                                                      (4.5)       
where k*Ji is the characteristic decay length of F.   
 
                     
Figure 4.5: The serial factor vs. normalized remaining cell strain.  After an initial cell 
deformation across a 60µm long subnucleus-scaled (3.3µm x 10µm cross-sectional area) 
constriction, it becomes easier for cells to deform across subsequent (identical) constrictions.  The 
relative degree of difficulty between subsequent and initial deformation processes can be 
interpreted from the relative transit times across the constrictions (ts/ti), i.e. the serial factor SF.  
As the remaining strain Jr is increased (relative to the total initial strain Ji) signifying less 
relaxation before the subsequent deformation, the transit process becomes faster.  Moreover, SF 
exhibits a sharp initial decay, which our modified power-law based model for SF captures (blue 
fitted curve, R
2
 = 0.92).  The conventional low strain, weak power-law model (α = 0.25) exhibits 
a different behavior (red curve).     
                                                                                           
 85 
Figure 4.5 shows the SF vs. Jr/Ji plot for the micropipette experiments with 60µm-long 
constrictions.  Only experiments from 60µm-long constrictions were analyzed here 
because for 10µm-long constrictions, since the constriction is shorter than the cell, 
there is non-uniform relaxation after cell transit (parts of the cell starts relaxing earlier 
than others), which complicates any analytical comparisons, particularly with our 
simple model.  As shown in Figure 4.5 by the blue fitted curve, the experimental data 
fits to our model for SF (R
2
 = 0.92).  Previous studies focusing on the low strain 
regime have shown that the strain dynamics exhibit a weak power-law dependence 
with α < 1 19, 53, 57.  We calculated and plotted the red curve in Figure 4.5 that assumes 
a constant α = 0.25, a typical value in the low strain regime.  As demonstrated, the 
curvatures of the two calculated curves are different with one that is concave and one 
that is convex.  The actual SF data is concave, illustrating that in the serial 
deformation scenario, it is applicable to consider an evolving α that becomes larger 
than 1.  Without considering the serial effect, it would be difficult to fully appreciate 
the details and degree to which subsequent deformations are facilitated, which are 
especially relevant to physiological phenomena that require cells to deform repeatedly 
such as in migration and invasion.  Using our model for an evolving α that is 
dependent on the remaining strain before subsequent cell deformations, we can 
recover the typical characteristics of J(t) for differentially relaxed cell states, as shown 
in Figure 4.6. 
 
The results here show that unless a cell is allowed to relax completely back to its 
equilibrium state after a deformation event, any remaining strain indicates that the cell 
is in an enhanced “serial mode” that enables it to deform across subsequent 
constrictions more easily, in accordance to the serial factor.  As illustrated in Figure 
4.7, this could have implications in the metastatic process in cancer, as non-proteolytic 
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invasion induces cells to squeeze across narrow gaps that are often smaller than the 
cell nucleus, i.e. through constriction rings in the ECM 
4, 34
.  An initial invasion event 
would thus confer upon the cell faster strain dynamics that facilitate subsequent 
invasion through confining physiological barriers.   
 
 
 
      
                              
Figure 4.6: Strain dynamics under fixed pressure from the evolving power-law 
model.  By assuming that the power-law scaling exponent α evolves based on the 
degree of relaxation of the cell state after an initial deformation, we plotted the 
normalized strain JN(t) = At
α
/Ji = t
α
/ti
α1
 for different α’s and recovered the typical 
behavior in serial strain dynamics under fixed pressure.   
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4.4 Conclusion 
We developed a simple self-reliant system with no external parts or sources (syringe 
pumps, pressure manifolds, or other bulky connections that drive microfluidic devices) 
that requires only the loading of the cell samples of choice and performs multifaceted 
experiments in an automated manner without robotic assistance from programmable 
microscope stages, motorized parts, or other robotic actuators.  We have demonstrated 
using this device that an initial cell deformation event, via a fixed cell-scaled force, 
conditions the cell for easier subsequent deformations, as the strain dynamics are 
altered.  This conditioning is a function of the initial and remaining strain on the cell 
                              
Figure 4.7:  Illustration of the serial effect during cancer invasion.  When a cell 
is in a more relaxed state and invades (non-proteolytically) across a constriction 
ring in the ECM, the cell is deformed and transiently enters a “serial mode” that 
exhibits a higher power-law scaling exponent in its strain dynamics, making the 
subsequent invasion events easier in accordance to the serial factor. 
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and may have physical implications for biological phenomena that require a multitude 
of deformation events, such as cancer invasion or immune cell diapedesis.  We also 
gauged the contribution to the deformation strain dynamics from both the whole-cell 
body and the nucleus, which complements previous work that primarily considered 
only whole-cell boundaries or isolated nuclei or other intracellular components.  
Finally, we believe that the simplicity, form factor, automation, and multiple 
capabilities of this device can facilitate in a highly adoptable manner a broad array of 
cell mechanobiology studies, from measuring cell viscoelastic properties to disease 
diagnostics.   
 
4.5 Experimental Section 
4.5.1 Cell Culture 
MDA-MB-231 cells were obtained from the NCI Physical-Sciences and Oncology 
Center.  They were cultured in Leibovitz L-15 media (Life Technologies) with 10% 
fetal bovine serum (Atlanta Biologicals) and 1% Penicillin-Streptavidin (Life 
Technologies) at 37
o
C without CO2.   
 
4.5.2 Device Fabrication 
Device masters were fabricated at the Cornell NanoScale Facility (CNF).  Standard 
photo- and soft-lithography techniques were used to create devices.  Briefly, SU8 was 
spun onto a silicon wafer and exposed under a photomask with the micropipette 
patterns in a stepper.  The patterned wafer was then developed to create a negative 
image of the device.  PDMS was cast onto the master and crosslinked to create the 
micropipette channels.  The channels were then bonded to glass slides to create the 
finished microfluidic device.    
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4.5.3 Experiments and Analysis 
Devices were treated with 1% bovine serum albumin (BSA) (Sigma-Aldrich) in 
serum-free media (L-15) for several hours before experiments in order to prevent 
stiction.  Additionally, cells used in experiments were resuspended in serum-free 
media, as serum is a major contributor to cell adhesion 
58
.  Cells were loaded into the 
inlet reservoir of the device and experiments were automatically conducted as 
described in the design and operations section of this paper.  Gravity drives the flow 
with an applied pressure gradient equal to ρgΔh, where ρ is liquid density, g is the 
coefficient of gravity, and Δh is the difference in liquid height between the inlet and 
outlet.  A fixed volume difference, which is directly proportional to a fixed liquid 
height difference, was set between the inlet and outlet reservoirs via pipetting.  The 
volume difference for these experiments was 1.4mL with a pipette resolution of 
0.02mL.  The device was placed and kept on a heating plate set at 37
o
C.   Videos were 
recorded at 500ms per frame under a microscope, which produced the data of the 
experiments.  Experiments typically lasted 1-2hrs, after which the device inlet is 
usually clogged by excessive cells.  Next generation designs that incorporate larger 
channels between the inlet and outlet to allow excessive cells to flow through instead 
of clog the device would likely extend the operational lifetime.  Experimental analysis 
and cell tracking were performed using ImageJ and custom MATLAB programs.  For 
statistical analysis, one-way ANOVA was used to determine statistical significance.  
Error bars on data represent standard error of the mean (s.e.m.).  For taxol 
experiments, cells were incubated in 10µM taxol (Cytoskeleton, Inc.) for 1 day prior 
to experiments.  For fluorescence experiments, NucBlue (a live nucleus counterstain 
that is formulated from Hoechst 33342) (Life Technologies) was used and cells were 
incubated in the dye in complete growth media for 15 minutes.     
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4.7 Supporting Information (SI) 
SI Video 4.1: A video showing the operation of the serial micropipette device.  A 
pressure gradient is applied from left to right.  Two cells in the same channel are 
repeatedly deformed and allowed to relax in place to enable the measurement of the 
coupling between deformation and relaxation dynamics.  The cells are able to transit 
across subsequent constrictions much more quickly than the initial constriction even 
after substantial relaxation of their initial strains.  The frame rate of the video is 100x 
faster than real time, and the width of the wider channel region is 15µm. 
 
SI Video 4.2: A superposed phase contrast and fluorescence imaging video showing 
serial deformations of cells treated with a live nucleus counterstain (NucBlue/Hoechst 
33342).  This enables the relative contributions of the cell nucleus and the whole cell 
body in the cell deformation process across constrictions to be distinguished.  The 
frame rate of the video is 100x faster than real time, and the width of the wider 
channel region is 15µm. 
 
SI Figure 4.1:  Distribution of nuclei sizes for a) untreated and b) taxol-treated (1 day) 
MDA-MB-231 cells with fluorescently stained representative nuclei images (insets).  
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c) Untreated cells have an average area of 130 ± 4µm (n = 200) and taxol-treated cells 
have an average area of 217 ± 16µm (n = 62).  Error bars are s.e.m.  *** indicates p < 
0.001.  The scale bar is 20µm. 
 
SI Figure 4.2:  Distribution of relaxation times used in multi-cell relaxation-
deformation experiments.  The average relaxation time used was 3.3 minutes.    
 
                              
 
SI Figure 4.1:  Distribution of nuclei sizes for a) untreated and b) taxol-treated (1 
day) MDA-MB-231 cells with fluorescently stained representative nuclei images 
(insets).  c) Untreated cells have an average area of 130 ± 4µm (n = 200) and 
taxol-treated cells have an average area of 217 ± 16µm (n = 62).  Error bars are 
s.e.m.  *** indicates p < 0.001.  The scale bar is 20µm. 
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SI Figure 4.2:  Distribution of relaxation times used in multi-cell relaxation-
deformation experiments.  The average relaxation time used was 3.3 minutes.    
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CHAPTER 5 
 
MECHANICAL DECISION TREES FOR INVESTIGATING AND 
MODULATING SINGLE-CELL INVASION DYNAMICS  
 
5.1 Introduction 
Physical cues exist across all biological scales, from the geometries of molecules to 
the shapes of complex organisms.  Whereas in physics researchers greatly appreciate 
and analyze in rigorous detail every subtlety in the physical environment, in biology 
such appreciation is often diminished in favor of biochemically-based effects and 
molecular signaling cascades.  More recently, however, studies in biology and 
medicine have started to emphasize on form and function in tissue and disease 
mechanics 
1-5
.  In particular, cancer is a complex disease that has eluded treatments 
based on conventional genomics approaches.  Cancer dissemination or metastasis, the 
lethal component in the majority of cancers, is still currently a mystery 
6, 7
.  Without 
understanding the fundamental dynamics of metastasis, it will be an overwhelming 
challenge to develop appropriate therapies.  There are many critical elements in the 
metastatic process that are phenomenologically associated with mechanical transport 
through a physical environment, including cell navigation through the heterogeneous 
porous medium of the tumor stromal extracellular matrix (ECM), permeation across 
endothelial barriers, and circulation and trafficking in microvessels 
7-9
.  The physical 
interactions of cancer cells with the mechanical components of these environments are 
not well understood.  Here we demonstrate microsystem designs and implementations 
that aim to reveal fundamental mechanical factors that modulate single-cell decision 
making during invasion, and we devise strategies, based purely on mechanical 
asymmetries, to control this behavior in 3D.  For our studies we used the MDA-MB-
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231 breast adenocarcinoma cell line, which models highly metastatic cancer cells and 
thus could provide insights toward aggressively invasive behavior.    
 
5.2 Results and Discussions 
5.2.1 Mechanical Cues in Cell Decision Making 
To examine cell decision making trajectories in response to local dimensional and 
directional cues, which are two ubiquitous mechanical features throughout the 
physiological landscape, we developed microfluidic channels with finely tuned 
patterns that span two specific ranges: the cell-scale and the subnucleus-scale.  Cell-
scaled mechanical paths have been shown to promote highly persistent migratory and 
invasive behavior, and subnucleus gaps and pores rate-limit invasion 
10-13
.  
Microgeometries in 2D studies also have been shown to impact cell behavior, from 
directed migration to stem cell differentiation 
14, 15
.  At these scales and with 3D 
microchannels, here we probed the decision making patterns of invading cells by 
creating a binary decision tree and observed the affinity of cells towards each of the 
two paths.  Just as chemotaxis and durotaxis studies probe cell affinities toward a 
chemotactic or substrate stiffness gradient, the decision tree microchannels here enable 
a means to study cell behavior in response to common mechanical signals in the local 
environment that are not well understood.  As shown in Fig. 5.1, cells are loaded into 
the microchannel inlet reservoir.  They spontaneously migrate unidirectionally in the 
cell-scaled channels and encounter the decision tree.  Decision trees of the same 
design are serially patterned in each separate channel, and two different designs are 
incorporated in parallel.  Pattern 1 consists of a circular design with two path branches 
that split at the same angle which is perpendicular to the initial cell path; path 1 has a 
larger width of 10µm and path 2 has a smaller subnucleus width of 3.3µm.  Pattern 2 
consists of a semicircular design; the top path (path 1) is larger with a 10µm width and 
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has an entrance that is perpendicular to the original cell path, and the bottom path 
(path 2) is subnucleus-scaled with a 3.3µm width and is collinear with the original 
path.       
 
                              
 
Figure 5.1: Schematics and images illustrating the decision tree microchannel 
device concept and operations.  a) Cells are loaded into the device via pipetting 
into the reservoir.  They will then spontaneously invade into the microchannels.  
There are two patterns incorporated into our device design.  Pattern 1 is a circular 
design with an arched top path (path 1) that is larger (cell-scaled, 10µm) and an 
arched bottom path (path 2) that is highly confining (subnucleus-scaled, 3.3µm), 
and pattern 2 is a semi-circular design with an arched top path (path 1) that is 
larger (cell-scaled, 10µm) and a straight bottom path (path 2) that is highly 
confining (subnucleus-scaled, 3.3µm) and collinear with the original cell path.  The 
height of the channels is 10µm.  b) Conceptual illustration of a cell migrating along 
a particular direction and encountering an interface with split paths.  The goal is to 
analyze some under-explored but ubiquitous factors that bias the decision making 
process in route choosing.  c) Typical images of cells in the split path device.  This 
matrix of images shows the possible cell-path interactions at the path junction.  In 
both patterns, cells can exhibit a single extension interaction, in which the cell 
migrates along one leading edge, or a split extension interaction in which two 
leading edges, with one in each path, compete for the cell’s ultimate decision.  
Leading edges are marked by arrows.   
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5.2.2 Dynamics of Cell Decision Making 
As shown in Fig. 5.1c, as an individual cell encounters the decision tree, two scenarios 
can occur.  The cell exhibits either a single extension path choice, in which the cell 
enters the selected path with no contest, or a split extension path choice, in which the 
cell splits into two competing edges.  In the latter case, as demonstrated in Fig. 5.2 a 
and b and SI videos 5.1 and 5.2, the two competing edges both extend and the cell 
appears to exhibit a highly tensional state.  Eventually, one of the edges collapses and 
the cell is polarized along the remaining edge.  This competing edge phenomenon and 
the subsequent dynamics elicited in the decision tree microchannels are difficult to 
recreate and analyze in other cell invasion models, such as with cells embedded in 3D 
ECMs, where the heterogeneous fibrillar meshwork masks the subtle dynamics in 
mechanical cell decision making.    
 
Next we treated the cells with Blebbistatin (Bleb) and Paclitaxel (Taxol).  Both 
molecules have been demonstrated previously to have an impact on cell invasiveness.  
Blebbistatin is an inhibitor of non-muscle myosin IIa, which is implicated in cell 
contractility and tensional force generation 
2, 16-19
.  Myosin IIa plays an important role 
in matrix reorganization in 3D, leading to local matrix alignment and enabling cell 
invasion 
17, 18
.  Previous studies have demonstrated that Blebbistatin can inhibit 
invasion in 3D gels and can alter traction forces 
2, 17, 18
.  Here we demonstrate that in 
confined spaces, Blebbistatin alters the migratory mode of cells and changes invasion 
patterns.  Blebbistatin-treated cells exhibit morphologies with long and thin extensions 
and typically have more rounded cell bodies.  This phenotype gives semblance of a 
tethered ball motile mode, as in a thin string pulling on a tethered ball, as shown in 
Fig. 5.2 c and d and SI video 5.3. 
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Taxol stabilizes microtubules and is a common chemotherapeutic traditionally used 
for anti-mitotic effects 
20
.  Microtubule disruption has also been shown to inhibit a 
cell’s ability to permeate through subnucleus-scaled constrictions and impair cell 
polarity 
13, 21, 22
.  Taxol-treated cells tend to lose migratory persistence and exhibit a 
more rounded morphology, as shown in Fig. 5.2e and SI video 5.4.    
 
First, our results show that as the invading cells encounter the decision tree, > 85% of 
untreated and Blebbistatin-treated cells are able to make a path decision within 5 
 
                              
Figure 5.2: Cell invasion dynamics in decision tree microchannels.  a) A cell 
encounters the decision tree of pattern 1.  Upon entry, the cell exhibits split 
extensions.  Eventually, one side collapses and the cell is polarized along the other 
edge.  b) A cell encounters the decision tree of pattern 2 and split extensions are 
formed.  The extensions elongate in competing directions until asymmetric 
collapse occurs, resulting in the cell being polarized along the remaining leading 
edge.  c, d) Blebbistatin-treated cells typically exhibit an altered cell morphology.  
They have long and thin extensions that drag the cell body along in a motile mode 
that resembles a tethered ball.  Here, the extension drags the cell along the top path 
of pattern 1 in (c) and along the bottom path of pattern 2 in (d).  e)  Taxol treated 
cells tend to be more rounded with less noticeable extensions and have decreased 
migratory persistence.  Arrows point to cell extensions.  All time coordinates are in 
minutes.  For scale reference, the width of the top path is 10µm.    
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hours, but most Taxol-treated cells ( > 77%) fail to make a decision, as shown in Fig 
5.3a.  This shows that Taxol (at 10µM) is a decision suppressor.  Next, we analyzed 
the decisions of the untreated and Blebbistatin-treated cells.  In Fig. 5.3b, our results 
from pattern 1 show that untreated invading cells have an overwhelmingly high 
affinity towards larger channels (path 1) of ≈ 90%.  However, when the directionality 
of the smaller channel is altered to be collinear with the original cell path as in pattern 
2, the affinity for path 1 decreases to 68%, demonstrating that migratory polarization 
effects can bias cell invasion preferences.  When the cells are treated with 
Blebbistatin, the affinity for the collinear route of path 2 in pattern 2 is further 
increased to 67%, but the affinities are unchanged in pattern 1.  These results suggest 
inhibition of myosin IIa increases the invading cells’ sensitivity to directionality, while 
maintaining the path size affinity when directional biases are not present.  Here, we 
have shown that dimensional and directional factors, which are present along critical 
steps during cancer metastasis and other phenomena associated with cell motility, can 
bias cell decision making in a tunable manner, and molecular inhibitors can further 
modulate those decisions. 
 
 104 
 
 
                              
Figure 5.3: Cell decision making statistics.  a) Untreated, 50µM Blebbistatin-
treated, and 10µM Taxol-treated cells have a probability of making a decision 
within 5 hours of encountering the decision tree of 0.90 (n = 97), 0.86 (n = 70), and 
0.23 (n = 22), respectively, where n is the number of cells.  b) The probability of a 
cell choosing the top path (path 1) for untreated cells in pattern 1, untreated cells in 
pattern 2, Blebbistatin-treated cells in pattern 1, and Blebbistatin-treated cells in 
pattern 2 are 0.91 (n = 66), 0.68 (n = 63), 0.90 (n = 59), 0.33 (n = 104), respectively, 
where n is the number of decisions observed.  ** indicates p < 0.01 and n.s. 
indicates not statistically different based on the Chi-square test.  Error bars are 
standard error of the mean (s.e.m.) calculated from the Bernoulli distribution.     
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5.2.3 Cell Ring Traps 
In understanding some of the mechanical and molecular modulators of cell invasive 
behavior, we can begin to design strategies to manipulate the patterns of invasion.  We 
have shown that cells have an affinity towards cell-scaled paths over subnucleus-
scaled paths that can be altered via directional cues and actomyosin activity inhibition.  
Here, we designed a new mechanical microenvironment that introduces an invasion 
path, with directional and dimensional asymmetries, that is aimed to bias and prolong 
cell residence times in localized regions.  We call this a ring trap. 
 
As shown in Fig. 5.4a, the trap design consists of a cell-scaled ring region with 
subnucleus-scaled entrance/exit paths that are perpendicular to the ring.  Two trap 
designs with different exit schemes are incorporated in parallel, one with short 
constrictions (10µm-long) that are shorter than typical cells and one with long 
constrictions (60µm-long) that are longer than typical cells, which we call trap10 and 
trap60, respectively.  Since longer traps require permeating cells to undergo larger 
deformations (and thus require more energy), we hypothesize that this may modulate 
the trapping stiffness of the rings.  The concept is to utilize geometric asymmetry to 
induce invasive cells to preferentially remain inside the ring and invade in circles. 
 
5.2.4 Symmetry Breaking 
Our experiments show that cell-trap interactions exhibit several phenomena.  First, as 
cells invade through the subnucleus-scaled entrance of the ring trap, typically they 
enter the ring in a symmetric manner, with split edges extending in opposing 
directions, as shown in Fig. 5.4b and SI video 5.5.  After several minutes, the cells 
undergo spontaneous symmetry breaking, inducing the onset of polarized cell 
migration.  Thus, we have shown here a novel way of inducing spontaneous symmetry 
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breaking in single-cells by first focusing the cell with a subnucleus barrier, followed 
by a mechanical barrier upon exit to induce an initial symmetric response.  This is 
essentially a “cell scattering” experiment, analogous to photon scattering experiments 
in the Rayleigh (subphoton-scaled) and Mie (photon-scaled) regimes that helped 
uncover the nature of light-matter interactions.  Spontaneous symmetry breaking can 
then be observed and analyzed at the single-cell level, and since symmetry breaking is 
a fundamental feature that governs the formation and function of all of life 
23-25
, 
enabling experimental apparatuses are important for more in depth studies.  In 
particular, symmetry breaking in single-cell migration, especially in 3D, is not well 
understood.  Thus, we have created a way of systematically inducing single-cell 
scattering experiments and eliciting the dynamics of cell-mechanical environment 
interactions. 
 
5.2.5 Iteratio ad Nauseam 
Next, we show that asymmetries in dimensionality and directionality can indeed be 
manipulated to suppress cell dissemination by localizing invasion zones.  As shown in 
Fig. 5.4c and SI video 5.6, cells typically remain in the ring trap for an extended 
period of time and invade in circular and repetitive patterns, which we call iteratio ad 
nauseam.  We characterized the trap lifetime and demonstrate in Fig. 5.4d that cells 
spend over 18 hours in the ring traps.  The trap lifetime can be extended by inhibiting 
myosin IIa with Blebbistatin, which increases the proportion of cells that spend greater 
than 10 hours in the trap from 55% to 90%, as shown in Fig. 5.4 d and e.  The trap 
lifetime also does not appear to be strongly impacted by the length of the exit 
constriction.  We note here that in our previous studies, we have shown that these 
aggressive breast cancer cells are highly persistent, maintain speeds on the order of 
micrometers per minute, and are readily able to permeate through the subnucleus-
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scaled barriers when no decision trees are presented 
13
.  The strategically designed ring 
trap architectures here are able to confine cells within a region of 50µm radius for an 
extended period of time simply by catering to natural migratory affinities.  
 
5.2.6 Escape by Division 
Finally, we explored the escape mechanisms of cells in the ring traps.  We 
demonstrate in Fig. 5.4f and SI video 5.7 that cell division within or immediately 
before entering the ring traps promotes cell escape.  The trap lifetime after division is 
reduced to around 4.5 hours, which is significantly less than the 18+ hours of the 
general population.  This is an interesting result, demonstrating that there is an 
intrinsic connection between invasion and proliferation.  Traditionally, cell growth and 
migration are considered distinct events, and invasive behavior is not presumed to be 
coupled to cell division.  Our results here show the contrary – that cell invasive 
capacity may be a dynamic property that evolves over the cell cycle.        
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Fig. 5.4: (see caption on next page) 
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5.3 Conclusion 
Cell behavior during invasion is a highly complex process that is not well understood.  
We created microfluidic devices that elicit the decision making process of cells when 
encountering mechanical asymmetries on the cell and subnucleus scale.  By using 
well-defined geometries and features, we probed the path affinities of invasive cells 
and explored mechanical and molecular means of modulating these affinities.  We 
demonstrated that dimensional and directional cues can bias cell invasion patterns, 
actomyosin inhibition can alter migratory decision making, and properly designed 
Figure 5.4: (Continued). Cell invasion dynamics in ring traps.  a) Two different trap designs are 
incorporated in parallel, trap10 and trap60 with 10µm-long exits and with 60µm-long exits, 
respectively.  The outer ring has a radius of 50µm.  b) As a cell enters the ring trap, it is focused 
by the subnucleus-scaled constriction.  Then it emerges into the trap and expands in a 
symmetric manner.  Next, spontaneous symmetry breaking induces polarized cell migration.  
Arrows point in the direction of cell extension and migration.  c) Cells that enter the trap often 
exhibit the phenomenon iteratio ad nauseam, during which the cells invade in circular patterns 
in a confined space rather than disseminate.  Arrows point in the direction of cell migration.  d) 
The trap lifetime of untreated cells is over 18 hours, and this is extended by Blebbistatin 
treatment (n = 46, 42, 38, 18 for trap10 untreated, trap60 untreated, trap10 Blebbistatin-treated, 
and trap60 Blebbistatin-treated cells, respectively, where n is the number of trapping events).  
The horizontal line denotes the 10 hour mark.  Note that this data includes censored data points, 
i.e. the cells are either already in the trap at the beginning of the experiments or are still in the 
trap at the end of the experiments, so these measurements are under-estimates.  e) The 
probability that a cell spends more than 10 hours in the ring trap is shown for trap10 and trap60 
for untreated and Blebbistatin treated cells.  This enables an assessment of the statistical 
difference between untreated and Blebbistatin-treated cells when including censored data.  The 
probabilities are 0.54, 0.57, 0.95, 0.89 for trap10 untreated, trap60 untreated, trap10 
Blebbistatin-treated, and trap60 Blebbistatin-treated cells, respectively, for the same data as in 
(d).  Error bars are standard error of the mean (s.e.m.) calculated from the Bernoulli 
distribution.  We note that censored data points under 10 hours (7 out of 151 data points from 
the raw data) were discarded in order to eliminate arbitrarily short trap lifetimes.  f) Cell 
division promotes escape from the ring traps.  Immediately after cell division, the first cell that 
escapes exhibits a trap lifetime of only around 4.5 hours (n = 21), in comparison to 18+ hours (n 
= 46) for the overall average in trap10.  We again did not include censored data under 10 hours 
to eliminate arbitrary short trap lifetimes.  We note however that for this data set, only 1 out of 
68 data points fell in this category, and including that data point did not alter the statistical 
significance of our results.  Also there were no censored data points for the cell escape after 
division data.  * indicates p < 0.05 and ** indicates p < 0.01.  All time stamps on time lapse 
image stacks are in minutes.     
 
 110 
mechanical asymmetries can promote the phenomenon iteratio ad nauseam.  The 
devices and experiments shown here can help reveal more complex factors in the 
dynamics of invasion at the single-cell level.        
 
Furthermore, we have demonstrated that purely mechanical factors in a 3D 
environment can induce complex cell behavior.  This suggests that mechanically 
modulating tumor microenvironments may be a potential method in altering cancer 
invasion patterns, and we have shown a particular type of pattern that could trap 
invasive cells.  Future work in developing tissue engineering methods that can 
strategically alter the architecture of the fibrillar meshwork of the tumor stroma, 
particularly based on preconceived modules such as the ring trap presented here, may 
be a new avenue in cancer therapy aimed at suppressing cancer dissemination.  
Additionally, the trap micropatterns, with its small footprint, may be converted into a 
micro-pill or particle format that could be injected into local tumor environments and 
serve as traps for invasive cells.  In particular, previously we have shown that non-
metastatic breast epithelial cells are less likely to permeate through subnucleus-scaled 
barriers than highly metastatic cells 
12
, so these patterns may be able to selectively trap 
the most aggressive cells.  The devices and designs presented here illustrate a means to 
rapidly prototype mechanical modules that could impact cell migratory behavior and 
generate complex and tunable patterns of motility.   
 
5.4 Methods 
5.4.1 Cell culture 
MDA-MB-231 cells were obtained from the National Cancer Institute Physical-
Sciences in Oncology Centers (NCI PS-OC), originally from the American Tissue 
Culture Collection (ATCC).  They were cultured at 37
o
C without CO2 supplement in 
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Leibovitz L-15 media (Life Technologies) with 10% fetal bovine serum (Atlanta 
Biologicals) and 1% Penicillin-Streptavidin (Life Technologies). 
 
5.4.2 Device Fabrication 
Devices were fabricated at the Cornell Nanoscale Science and Technology Facility 
(CNF).  Standard photolithography followed by soft lithography was used to fabricate 
polydimethylsiloxane (PDMS) microfluidic devices.  Briefly, SU8 resist was spun 
onto a wafer and exposed in a UV stepper aligner under a photomask with the 
designed patterns to create the mold master.  PDMS was cast onto the master, 
crosslinked, and bonded to glass slides to create the final microfluidic devices. 
 
5.4.3 Experiments and Analysis 
Time lapse video microscopy was used to record cell invasion dynamics in the 
microfluidic channels, which were kept at 37
o
C via a heating plate.  Videos were 
recorded at 3.4 minutes per frame.  Image analysis was performed manually on 
ImageJ.  Data processing was performed using custom MATLAB code.  For statistical 
analysis, Chi-square and student t-tests were used.  Statistical significance is indicated 
by * and ** for p < 0.05 and p < 0.01, respectively.  For Taxol (Cytoskeleton, Inc) 
studies, cells were incubated in 10µM Taxol for 7 hours prior to experiments.  For 
Blebbistatin (Sigma-Aldrich) studies, cells were incubated in 50µM Blebbistatin for 
several hours prior to experiments.   
 
5.5 Acknowledgements 
The work described was supported by the Cornell Center on the Microenvironment 
and Metastasis through Award Number U54CA143876 from the National Cancer 
Institute. This work was performed in part at the Cornell NanoScale Science and 
 112 
Technology Facility, a member of the National Nanotechnology Network, which is 
supported by the National Science Foundation (Grant ECS-0335765).  Michael Mak is 
a National Science Foundation Graduate Research Fellow.   
 
5.6 Supplementary Videos 
SI Video 5.1: An MDA-MB-231 cell encounters the decision tree in pattern 1.  It 
exhibits extensional dynamics that ultimately result in the cell choosing path 1 (the top 
path).  Each frame is 10000x real time. 
 
SI Video 5.2: As the cell encounters the decision tree in pattern 2, split extensions are 
generated, asymmetric collapse occurs, and finally the cell is polarized along path 2 
(the bottom path).  Each frame is 10000x real time. 
 
SI Video 5.3: A Blebbistatin-treated cell navigates through the decision tree.  The 
extensions appear thinner, the cell body is more rounded (likely due to less cell 
tension), and the cell exhibits a tethered-ball motile state.  Each frame is 10000x real 
time. 
 
SI Video 5.4: Taxol-treated cells typically are more rounded and have less migratory 
persistence.  Here, a Taxol-treated cell struggles at the decision tree interface.  Each 
frame is 10000x real time. 
 
SI Video 5.5: An untreated MDA-MB-231 cell enters the ring trap.  The subnucleus-
scaled entrance focuses the cell and the cell expands symmetrically into the ring 
region.  Eventually, symmetry breaks and the cell undergoes polarized migration.  
Each frame is 10000x real time. 
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SI Video 5.6: Mechanical asymmetries can suppress cell dissemination by confining 
cell trajectories within the ring region, inducing the phenomenon iteratio ad nauseam.  
Each frame is 10000x real time.   
 
SI Video 5.7: Cells that divide in the ring trap tend to escape soon thereafter, 
indicating coupling dynamics between cell proliferation and cell invasion.  Each frame 
is 10000x real time. 
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CHAPTER 6 
 
CONCLUSIONS  
 
6.1 Summary 
My research has resulted in the development of microfluidic systems to investigate 
cancer invasion dynamics and revealed the behavior of single-cells in engineered 
mechanical microenvironments.  Physical spatial gradients in confined environments 
were demonstrated to induce transition dynamics in the migratory trajectory of 
invading cells.  The MUSIC device and the incorporated subnucleus-scaled barriers 
were used to elicit interface effects of invasion, such as morphological changes in 
phenotype, cell division asymmetry, and single-cell invasion strategies.  Stabilization 
of microtubules via taxol was shown to suppress cell permeation across mechanical 
barriers.  Decision tree microchannels were developed that elucidated the impact of 
dimensionality and directionality in on cell behavior during invasion.  Inhibition of 
myosin IIa in these channels altered the paths that invading cells took and thus can 
modulate invasion patterns.  Ring traps were contrived and implemented that utilizes 
dimensional and directional asymmetry to induce repetitive motions in invading 
cancer cells, thus suppressing dissemination via iteratio ad nauseam.  Additionally, a 
serial microfluidic micropipette was introduced that adds another dimension towards 
understanding mechanical cell invasion by probing the passive responsivity of cells to 
repeated deformations.            
 
All of these efforts now set the stage for exciting future work that can further improve 
our understanding of cancer metastasis and help strategize new therapeutic 
mechanisms against cancer progression.   
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6.2 Future Work 
6.2.1 Strategies in Tissue Engineering 
Concepts derived from these microfluidic systems, particularly in regard to the 
mechanical modulation of invasive cells through microenvironmental patterns and 
physical cues, can be translated into strategies in targeting physiological 
environments.  Physicochemically inducing asymmetric patterns, similar to the ring 
traps in Chapter 5, in the local tumor environment could potentially suppress the 
metastatic process.  Changing the tumor surroundings, rather than only targeting tumor 
cells with drugs or therapy, can modulate the behavior of invasive cells and may be a 
new avenue of suppressing cancer progression.  This is consistent with the emergence 
of studies demonstrating the importance of cell-environment interactions 
1, 2
.       
 
6.2.2 Drug Screening 
Heterogeneity and metastasis are two critical challenges in the treatment of cancer.  
However there are currently no standardized methods that can gauge these properties 
in order to discover appropriate therapies.  With microfluidics, high throughput single-
cell invasion assays can be developed and integrated with current high throughput 
robotic drug development infrastructures in order to screen for new compounds or 
repurpose existing drugs.  By considering cell-based functional invasion assays at the 
single-cell level, both heterogeneity and metastasis can be appreciated in much greater 
depth at the in vitro drug screening stage.      
 
6.2.3 Emerging Physics in the Coupling of Cell Invasion and Proliferation 
Cell proliferation and invasion have traditionally be separate fields with distinct 
research efforts.  However, as shown in Chapter 5, invasion and escape from “trap 
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environments” may be strongly influenced by cell division.  For instance, when cells 
divide while they are in the ring trap undergoing iteratio ad nauseam, they break from 
the repetitive motion and exit the trap despite mechanical asymmetries that otherwise 
bias cell behavior.  Additionally, as cells grow and become larger relative to the pore 
or barrier size, they are mechanically more obstructive during their invasion across 
subnucleus-scaled barriers.  Thus, the invasiveness of any individual cell may be cell 
cycle-dependent.  Cells that are trapped may become free after cell division, and cells 
that are highly invasive may become suppressed when they are progressing through 
the growth part of the cell cycle.  Next generation device designs that incorporate both 
growth and invasion chambers can help unveil the dynamic coupling between cell 
proliferation and invasion.  This may help identify additional modulators of cancer 
dissemination.  Increasing the growth phase of cancer cells while prolonging the 
proliferation rate may suppress invasion by increasing the size of cells over finite time 
intervals.  Strategic dosing dynamics of cell growth and invasion drugs, such as Taxol, 
may help regulate the dissemination process in a more subtle but potentially more 
effective manner.       
 
6.2.4 Drug Resistance 
Once cancer is disseminated, it requires systemic treatments, particularly 
chemotherapy.  Chemotherapy, however, almost always fails after prolonged 
treatment due to the cancer cells’ acquisition of drug resistance.  The fundamental 
dynamics in the emergence of resistance is not well understood.  To begin to uncover 
this process, we can consider several emerging and related properties about cancer – 
heterogeneity and evolution.  The principles of Darwinian evolution, i.e. survival of 
the fittest, have recently been applied to describe cancer progression and evolution 
 119 
against treatments.  A basic conceptual and mathematical framework has been 
developed that states: 
 
  
  
     
  
  
                                                                             
where u is the cell phenotype, t is time, σ is the phenotypic diversity of the population, 
and G is the fitness function 
3
.  Essentially, the evolutionary rate, i.e. the change in 
phenotype over time of the cancer cells, is dependent on the existing diversity in the 
population and the sensitivity of the fitness function to changes in phenotypes.  When 
a drug is applied, the evolutionary stress is increased such that the fitness function is 
highly sensitive to changes in phenotypes, so the evolutionary rate is high.  This can 
ultimately lead to the somatic evolution of resistant phenotypes and/or the persistence 
and proliferation of heterogeneous subpopulations that are not responsive to the given 
treatment.  Additionally, evolution selects for phenotypes, so many different 
genotypes could confer resistance against a particular chemotherapeutic.  All of this 
suggests that existing genomics-based approaches that identify specific genetic 
biomarkers for targeted cancer therapy may be fundamentally flawed, as they do not 
account for heterogeneity, evolution, and drug resistance.  For instance, the somatic 
evolution or pre-existence of subpopulations of cells that do not express a targeted 
biomarker or are otherwise resistant could eventually render any particular treatment 
futile.  Furthermore, existing methods in studying drug resistance, as with most 
traditional methods in biology, are based on bulk population studies, which cannot 
distinguish many fundamental characteristics of evolutionary resistance.  For instance, 
while bulk studies can potentially measure       on average for the entire population, 
they cannot measure it for each single-cell lineage.  Thus, the contributions to drug 
resistance from somatic evolution and pre-existing heterogeneities are difficult to 
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distinguish.  The fundamental dynamics that govern the rise of the dominant resistant 
phenotype are masked. 
 
These existing gaps in current methods and techniques present a unique opportunity 
for single-cell microfluidics.  By creating highly parallel single-cell microchambers, 
single-cells and their subsequent single-cell progenies can be tracked independently, 
enabling the emergence of drug resistance to be measured at its very onset and in high 
biological resolution, i.e. resistant lineages can be identified at their very emergence 
and traced to a single parent cell.  These studies can reveal the fundamental dynamics 
that govern drug resistance, which may be different across different cancer types, and 
appropriate therapies and dosing schemes can be developed to not only suppress 
cancer progression but also reduce resistant behavior.  
 
The MUSIC device, developed in chapter 3, and other single-cell microchamber 
designs can be applied to study single-cell progenies.  Heterogeneities in invasive 
phenotype, proliferation dynamics, and drug responsivity are among the emerging 
properties that could be elucidated and contribute towards a more comprehensive 
 
Fig. 6.1: A device design integrating growth and 
invasion chambers.  Certain motile and 
morphological attributes are passed on from parent 
to daughter cells.  Lineages 1 and 2, both from the 
same MDA-MB-231 bulk population, display 
different inheritable phenotypes.  Single-cell lineage 
tracking is facilitated by parallel chambers.  The 
width of the growth chamber is 80µm.    
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understanding of the critical elements in cancer.  Figure 6.1 demonstrates an 
implementation of integrated microfluidic growth and invasion chambers used to track 
the morphological phenotype of single cell lineages.                   
 
6.3 Concluding Remarks 
There are many opportunities at the interface between cancer research and 
microfluidics that can help unveil critical factors in cancer progression that are not 
fully addressed by conventional techniques, particularly genomics-based approaches.  
Higher resolution biology in high throughput is required to fully understand the 
dynamics of cancer, from heterogeneity to metastasis to drug resistance.  Microfluidics 
provides the channel for making this possible.  While conventional biology is focused 
on static and bulk population studies that mask the heterogeneity, plasticity, and 
dynamicity that are characteristic of cancer, microfluidic approaches can conduct high 
throughput single-cell studies of critical functional events, such as cell invasion.  In 
the future, the integration of high resolution, high content, and high throughput single-
cell, multi-cell, cell-microenvironment, and cell-body-on-chip studies in conjunction 
with genomics, proteomics, metabolomics, secretomics, and pan-omics will ultimately 
provide the complete picture of cancer that will enable the engineering of the most 
sophisticated treatments that are humanly possible.     
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